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ABSTRACT 
 
Bruce Flint Richards, Ph.D. 
University of Illinois at Urbana-Champaign, 2011 
James K. Drackley, Advisor 
 
 Holstein cows were used to explore aspects of dietary strategies to decrease lipid 
accumulation in the liver after parturition.  In experiment 1, 75 cows (30 primiparous) 
were fed controlled-energy, high-forage (CEHF) diets or were overfed energy 
(OVERFED) from dry-off to parturition, or CEHF for the first 40 d after dry-off, 
followed by OVERFED for the last approximately 20 d before parturition (2-stage).  
During the periparturient period, cows fed CEHF had lower lipid accumulation in the 
liver than OVERFED cows and there was no advantage to using the 2-stage feeding 
strategy.  In experiment 2, 16 cannulated mulitparous cows were assigned to one of 4 
feeding combinations.  Cows were fed CEHF throughout the entire dry period or fed with 
a 2-stage dietary strategy.  Half of each group of cows (CEHF or 2-stage) were fed a diet 
with monensin added; whereas, the other half were fed a diet without monensin.  
Monensin tended to modulate rumen fermentation, particularly in cows fed the 2-stage 
diet strategy.  Supplemental monensin increased milk production and had neutral or 
positive effects on rumen fermentation and rumen dynamics.  Neither the higher energy 
closeup diet in the 2-stage strategy nor monensin supplementation affected ruminal 
papillae length.  In these experiments, there were few advantages demonstrated for the 2-
stage strategy compared with the single-group CEHF strategy during the dry period. 
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Chapter 1 
 
Literature Review 
 
Introduction 
“The main emphasis of feeding in the dry period is to prepare the cow for her 
subsequent lactation” (Friggens et al., 2004).  The transition period has been defined as 3 
wk before calving to 3 wk after calving and is the time when most health disorders occur 
(Drackley, 1999).  Profitability of a cow is dependant on transition period success; 
however, nearly 50% of cows have at least one adverse health event during the transition 
period (Drackley, 2005).  Decreased milk production and many of the disorders may 
result from lipid accumulation in the liver (fatty liver) from cows overfed during the dry 
period.  Preventing or treating fatty liver either through dietary feeding strategies or 
through pharmaceutical methods is important for the profitability of dairy cows. 
Many research trials and reviews investigating dietary influence during the final 
3wk prepartum are available (Bell et al., 1995, Grant and Albright, 1995, Grummer et al., 
1995, Drackley, 1999, Friggens et al., 2004, Drackley, 2005).  Often results are 
conflicting and little information is given on what cows were fed during the preceding 
far-off dry period (Rabelo et al., 2003).  Research in our lab has demonstrated that what 
is fed through the far-off dry period may be more important than what is fed during the 
final 3 wk prepartum (Dann et al., 2006).   
The objective of the literature review is to explore existing knowledge of health 
problems related to fatty liver, the influence of DMI on cow health, and research that has 
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been done to decrease fatty liver.  Specifically research is examined evaluating the use of 
high fiber, controlled energy diets fed through the entire dry period, and high fiber, 
controlled energy diets fed through the far-off dry period followed by higher energy diets 
as calving approaches in a two-stage system.  Knowledge regarding cellular and 
molecular adaptations in liver and the possible use of peroxisomal proliferator-activated 
receptor α to control fatty liver is reviewed.  Research on monensin and its effects on 
rumen fermentation and function are also summarized.   
 
Health Problems 
With estimates of nearly 50% of all cows having health problems shortly after 
calving, successful transition into lactation without health problems is of major interest to 
the dairy industry (Drackley, 2005).  Disorders such as milk fever, ketosis, retained 
placenta, metritis, and displaced abomasum occur during the periparturient period and are 
linked to severity of negative energy balance.  Many of these diseases are interrelated; 
prevention of one decreases the likelihood of another and their occurrence is influenced 
by the diet (Curtis et al., 1985).  Negative energy balance in the periparturient cow has 
been connected with immunosuppression (Overton and Waldron, 2004).   
Health disorders cause a loss in milk production while the cow is ill and usually 
throughout the subsequent lactation (Drackley, 1999).  Holcomb et al. (2001) calculated 
that 1000 to 2000 kg of potential milk production can be lost per lactation due to health 
problems during the transition period.  Of the cows that left dairy farms in Minnesota 
from 1996 to 2001, 25% left within the first 60 DIM (Godden et al., 2003).   
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Blood NEFA 
Blood NEFA concentrations are a valuable tool to evaluate energy balance.  
Usually DMI and plasma NEFA are inversely related (Overton and Waldron, 2004).  Dry 
matter intake and nutrient supply do not match the abrupt increase in nutrient 
requirements at partrition and the initiation of lactation.  An energy deficit between 
dietary ME consumed and ME required usually exists in early lactation; the deficit in 
absorbed nutrients must be accounted for by NEFA mobilized from adipose tissue 
(Drackley, 1999).  Mobilization of adipose tissue triglycerides (TG) is initiated to meet 
the energy demand.  When stored fat is mobilized, blood NEFA concentrations are 
elevated up to twofold between 17 and 2 d prepartum (Grummer et al., 1995, Holcomb et 
al., 2001).  This lipid mobilization is linked to increased health problems.  Elevated 
NEFA concentrations 7 d before calving are also associated with ketosis, displaced 
abomasum, and retained placentas (Drackley, 1999).   
When the amount of NEFA released from body reserves exceeds the capacity of 
the liver to use fatty acids, NEFA are converted to ketone bodies such as BHBA and 
acetoacetate (Goff, 2006).  A result of energy intake being less than required, BHBA 
increases while DMI decreases as calving approaches, then BHBA decreases as DMI 
increases following parturition (Moorby et al., 2000). 
During the first week of lactation, cows lack sufficient nutrients for mammary 
synthesis of lactose, protein, and triglyceride (Bell et al., 1995).  Massive mammary 
requirements for glucose, mostly for lactose synthesis, dominates carbohydrate 
metabolism (Bell et. al, 1995).  Only 65% of mammary glucose uptake is accounted for 
by the dietary glucose precursors, propionate and amino acids (Bell et al., 1995).  The 
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remainder must be supplied from glycerol from mobilized body fat and amino acids 
mobilized from muscle and other body proteins.  Insulin resistance occurs in early 
lactation, promoting mobilization of NEFA and amino acids and sparing glucose for milk 
lactose synthesis (Bell et al., 1995). 
 
Fatty Liver 
Fatty liver is prevalent in dairy cows and may decrease lactation performance 
(Drackley et al., 2006).  Fatty liver is less prevalent in first-calving heifers (Grummer et 
al., 1995).  When inadequate energy is consumed by the cows because of decreased DMI 
around calving, adipose TG are mobilized and NEFA increases in the blood.  This leads 
to increased liver uptake of NEFA, which in turn can cause lipid and TG accumulation in 
the liver (Grummer et al., 1995, Drackley et al., 2006).  Therefore, it is not surprising that 
liver TG concentration was correlated positively with plasma NEFA concentration 
(Vandehaar et al., 1999).  Mobilization of body fat is the primary homeorhetic adaptation 
of lipid metabolism to meet the large demand for energy for lactation (Overton and 
Waldron, 2004).   
 Fatty acids accumulate as TG in the liver when uptake exceeds capacity to 
process them in the liver (Friggens et al., 2004).  There is a limit to the amount of fatty 
acids that the tricarboxylic acid cycle can oxidize and that can be secreted as TG in very 
low density lipoproteins in the liver of ruminants; secretion rate of VLDL is inherently 
lower in ruminants than in other species (Kleppe et al., 1988).  Triglycerides accumulate 
in the liver when that limit is reached, which may impair gluconeogenesis (Goff and 
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Horst, 1997).  However, it is uncertain what the threshold of fat in the liver is before it 
starts having negative effects on other hepatic processes (Overton and Waldron, 2004).   
Mobilization of body reserves contributes significantly to the energetic cost of 
milk production in early lactation (Friggens et al., 2004).  Body reserves may be an 
important supply of fuel when a cow is in negative energy balance; however, adipose 
tissue reserves can become excessive and then BW loss is accentuated when decreased 
feed intake occurs (Grummer et al., 1995).  The magnitude of nutrient balance fluctuation 
probably has a major impact on the amount of stress a cow encounters during the 
transition period (Grummer et al., 1995).  Late gestation changes in endocrine status and 
decreases in DMI are important contributors to mobilization of fat from adipose tissue 
(Grummer et al., 1995).   
 
Body Condition Score 
Overfeeding energy during the dry period can lead to fatty liver (Vandehaar et al., 
1999).  Over-conditioned cows are more limited in the ability of the liver to oxidize fatty 
acids than are thinner cows (Goff and Horst, 1997).  Excess energy from the diet above 
immediate requirements is stored by animals (Moorby et al., 2000).  Large changes in 
body condition score (BCS) are not desirable during the dry period.  While severely over-
conditioned cows may have difficult calvings, the rate of body mobilization seems to be 
more important than body fatness to health and reproduction, and excessive mobilization 
should be avoided (Friggens et al., 2004).  A BCS around 3 at calving seems to prevent 
excessive mobilization while still providing a reserve for the cow for the dietary 
inadequacies to come (Friggens et al., 2004).  Generally cows that are over-conditioned 
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have lower intakes at calving (Friggens et al., 2004), and higher concentrations of BHBA 
and glucose (Duffield et al., 1998).  
     
Other Health Problems 
Collard et al. (2000) reported that increased digestive and locomotive problems 
were associated with negative energy balance.  The negative effects of ketosis on immune 
function may be connected with the impact of fatty liver on immune function (Overton 
and Waldron, 2004).  Cows without fatty liver cleared bacterial endotoxin from 
circulation within 30 minutes, while cows with fatty liver still had not cleared it in 6 
hours (Andersen et al., 1996).  Low feed intake during the periparturient period and 
elevated blood levels of NEFA prepartum also increase the risk of cows developing 
displaced abomasm (Goff, 2006).   
 
Dry Matter Intake 
“The most important variable in nutrient requirement and rationing models is 
DMI,” and “nutrient supply is a direct determinant of productive response” (Drackley et 
al., 2006).  Recognizing the need to determine how to feed the cow to minimize feed 
intake depression at calving, Goff (2006) described all early lactating cows as being in 
negative energy balance.  Increasing intake contributes to increased production, and 
profitability (Ingvartsen and Andersen, 2000).  The period from 5 to 7 d prepartum can be 
characterized by up to a 30% reduction in DMI, while intake from calving to 21 d 
postpartum should increase quickly (Bertics et al., 1992).  Dry matter intake 17 d 
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prepartum is negatively correlated with liver TG immediately after calving (Bertics et al., 
1992).   
The prepartum decrease in DMI corresponds to a time when energy requirements 
are increasing for conceptus growth and preparation for initiation of milk synthesis 
(Grummer et al., 1995).  The demand for glucose by Holstein cows increases from 1000 
to 1100 g/d 21 d prepartum to over 2500 g/d by 21 d postpartum (Overton et al., 1998; 
Drackley et al., 2001).  Milk yield peaks 5 to 7 wk postpartum, while intake peaks later at 
8 to 22 wk postpartum (Ingvartsen and Andersen, 2000).  Bell et al. (1995) calculated a 
tripling in demand for glucose, a doubling for AA, and nearly a fivefold increase in the 
demand for fatty acids between 250 d of gestation and 4 d postpartum, and concluded  
that demand for glucose, amino acids, and fatty acids in high-producing dairy cows 
during early lactation cannot be met by dietary intake.   
A correlation between early lactation DMI and DMI 2-3 wk before calving was 
found, as well as a marked decline in DMI during the last week of gestation (Dewhurst et 
al., 2000).  While the magnitude and duration of decreased intake varies, over-
conditioned cows are more likely to have poor appetites postpartum (Holter et al., 1990).  
Changes in prepartum DMI may affect postpartum DMI more than absolute DMI 
prepartum (Douglas et al., 2006).  The degree of change in feed intake may trigger body 
fat mobilization at calving more than the level of feed intake (Goff, 2006).   
Ingvartsen and Andersen (2000) pointed out that regulation of intake is a very 
complex biological phenomenon, with the decrease in DMI occurring at the same time as 
changes in reproductive status, mobilization of fat mass, and metabolic changes to 
support lactation.  While some theorize that depressed intake is a result of physical 
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compression of the rumen due to the growing uterus, Ingvartsen and Andersen (2000) 
argued that this role was overemphasized.  The physical compression is relieved at 
parturition with no rapid increase in DMI.   
Voluntary DMI is negatively correlated with body reserves in ruminants at a 
given physiological state (Ingvartsen and Andersen, 2000).  The prepartum feeding 
strategy can influence energy reserves and BCS, which in turn influence peripartum 
health and postpartum performance (Grummer, 1993; Ingvartsen and Andersen, 2000).   
Decreased DMI during the week before calving leads to TG accumulation in the 
liver as discussed previously (Drackley et al., 2006).  The magnitude of negative energy 
balance is much greater early postpartum than prepartum, especially for cows that go 
completely off feed (Grummer, 1995).  Negative energy balance forces the cow to use 
body fat to provide the energy needed for milk production (Goff, 2006).  Longer and 
more extreme periods of negative energy balance are associated with increased digestive 
and locomotive problems (Collard et al., 2000).   
Medium to long chop length of forage increases ruminal fiber load, and reduces 
intake in the subsequent meal (Nocek, 1992).  Milk production is positively related to 
meal number and eating rate (Dado and Allen, 1993).  Because social behavior modifies 
DMI, cows transitioning into lactation must establish their territory in the milking herd 
early on in lactation to ensure maximal DMI (Dickson et al., 1970).   
The decrease in DMI around parturition occurs in both ruminants and 
monogastric animals and seems to be a normal adaptive event; however, if the magnitude 
and duration of the dip is not minimized, health and well-being of the periparturient cows 
can be compromised (Ingvartsen and Andersen, 2000).   
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Controlled Energy, High Fiber Diets 
Feeding a controlled energy, high fiber diet prevents dry cows from consuming 
too much energy and provides effective fiber to the rumen.  Primary objectives of dry 
period feeding include development of the conceptus and the mammary gland and 
avoiding DMI depression (Dewhurst et al., 2000).  A depression in DMI can occur with 
insufficient dietary effective fiber, which can lead to displaced abomasum as well as 
rumen acidosis, which contributes to lameness leading to a decrease in DMI around 
calving (Goff, 2006).   
Pregnant, nonlactating cows do not regulate intake to energy requirements 
(Douglas et al., 2006).  Overconsumption of a high energy diet leads to lower postpartum 
DMI and metabolic imbalance even when BCS does not indicate over-conditioning 
(Drackley, 2005).  Cows restricted in energy intake during the dry period maintained DM 
and NEL intakes as parturition approached until 1 d prepartum and had higher DM and 
NEL intakes the first 21 DIM (Douglas et al., 2006).  Lower energy intake during the far-
off dry period led to higher DMI, greater energy balance, and lower serum NEFA and 
BHBA during the first 10 DIM, while cows fed ad libitum during the close-up period 
tended to have lower energy balance and lost more body condition (Dann et al., 2006).  
Another study found that cows fed a high energy diet for 8 wk prepartum did not increase 
DMI during the first week postpartum, while cows fed lower energy diets during the 
same time increased DMI 1 wk after calving and the cows on the lowest energy diet were 
the first to reach positive energy balance (Agenäs et al., 2003).  Appetite may improve, 
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mobilization of body stores may be decreased, and accumulation of fat in the liver may 
decrease postpartum by lowering energy intake in the dry period (Drackley, 2005).     
One study (Dirksen et al., 1985) reported that high fiber diets were detrimental to 
rumen papillae, giving rise to the notion that higher energy diets fed immediately before 
calving promote development of ruminal papillae (Rabelo et al., 2003).  However, 
Dirksen et al. (1985) fed cows a large amount of poor-quality forage then switched to a 
diet much higher in grain.  It has since been reported that more typical diets do not affect 
the ruminal epithelium significantly (Andersen et al., 1999; Overton and Waldron, 2004).   
Overton and Waldron (2004) pointed out that controlling intake will be difficult 
on commercial dairy farms.  Social order will determine intake more than nutrient needs.  
Including high levels of forage in the diet is one way to control intake.  Rumen fill was 
the dominant factor in controlling voluntary intake in one study (Hernandez-Urdaneta et 
al., 1976), and another concluded that there was a physical component to the regulation 
of intake by dry cows (Dewhurst et al., 2000).  Straw increases the bulk and slowly 
digested fiber of the diet, maintaining rumen health, fill, and function, helping to prevent 
displaced abomasum postpartum (Drackley, 2005).  Effective fiber is the percentage of 
NDF in the feed, depending on physical processing, that contributes to the NDF 
requirement for chewing activity (Pitt et al., 1996).   
Preventing excessive nutrient intake during the dry period can have positive 
effects on liver fat accumulation.  When cows had restricted intake for the entire dry 
period, total lipids and TG in the liver were lower at 1 DIM (Dann et al., 2006).  This 
supported previous research that also found postpartum concentrations of total lipid and 
TG were lower in the liver of cows feed-restricted prepartum (Douglas et al., 2006).  
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Holcomb et al. (2001) found that when cows were restricted in DMI prepartum, DMI and 
milk yield were slightly higher postpartum and high DMI prepartum conferred no 
advantage.  Overton and Waldron (2004) concluded that when cows had a lower BCS in 
a well managed transition system, they were more successful postpartum with increased 
DMI and possibly increased milk production.  There was more of a decline in energy 
intake during the last trimester of pregnancy when dietary energy was high compared to 
lower energy densities (Coppock et al., 1974).   
A controlled energy, high fiber diet should be balanced to provide adequate 
metabolizable protein, minerals, and vitamins, without supplying excessive energy 
(Drackley, 2005).  When controlling energy by feeding straw, particle length should be 
less than 5 cm to prevent sorting (Drackley, 2005).   
 
Two-stage or One-stage Dry Cow Feeding System 
The NRC (2001) recommended that a diet providing 1.25 Mcal/kg of NEL be fed 
for the first 40 d of the dry period, and a diet providing 1.54 to 1.62 Mcal/kg of NEL be 
fed for the last 21 d before calving.  “Steaming up” during the last part of the dry period 
has been advocated since at least the 1930’s (Friggens et al., 2004).  Goff and Horst 
(1997) recommended grain feeding 5 wk before calving in order to improve rumen 
papillae development.  Contreras et al. (2004) noted that the “state of the art” feeding 
strategy would result in a “close-up” diet containing more energy and protein fed the last 
3 wk of the dry period than the diet fed during the early dry period.  Overton and 
Waldron (2004) concluded that two-group nutritional strategies for dry cows would 
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prevent overfeeding during the first part of the dry period and facilitate metabolic 
adaptation during the late dry period.   
One reason given for using a “steam up” diet is to prepare cows for high 
concentrate diets following lactation; however Hernandez-Urdaneta et al. (1976) reported 
that abrupt changes to high concentrate rations were not detrimental.  In a review article 
on dry cow feeding strategies, Friggens et al. (2004) concluded that feeding high starch in 
the late part of the dry period would not decrease body fat mobilization during early 
lactation or increase DMI during the same time period.  Holcomb et al. (2001) failed to 
find any advantage to high DMI in late gestation on milk production or health.   
Other studies have found that feeding higher energy prepartum was beneficial.  
Curtis et al. (1985) concluded that feeding higher than recommended intakes in the last 
3wk prepartum was associated with decreased periparturient disorders.  Cows consuming 
a higher energy density diet consumed more NEL and gained more body condition, 
backfat, and body weight (Vandehaar et al., 1999), but few postpartum effects were 
noted.  Cows fed low forage diets did not metabolize as much energy from fat stores as 
cows fed higher forage (Holcomb et al., 2001).     
Information on what cows were fed in the far-off dry period has often been 
lacking in reports of studies on close-up diets.  It is interesting that Dewhurst et al. (2000) 
found little effect of the dry period diet when cows were fed experimental diets for only 
40 d, and Vandehaar et al. (1999) found no effect of prepartum diets fed for only 25 d on 
any variables during lactation.  Perhaps cows were not fed experimental diets long 
enough to see a difference.   
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Research in our lab has found that feeding strategy in the far-off dry period may 
be more important than during the close-up period.  Specifically, overfeeding during the 
far-off period had more negative impact than close-up period nutritional differences on 
peripartum metabolism (Dann et al., 2006).  When energy intake was controlled during 
the far-off dry period, cows had improved periparturient health, increased post-calving 
DMI, and improved lactational performance (Dann et al., 2006).  Janovick and Drackley 
(2010) compared a controlled-energy high-fiber diet (32% wheat straw, 1.25 Mcal 
NEL/kg DM) to a moderate-energy diet (1.63 Mcal NEL/kg DM) fed throughout the dry 
period.  Cows fed the controlled-energy diet had a smaller decrease in DMI than cows fed 
the moderate-energy diet before calving, had less lipid accumulation in the liver, and had 
lower concentrations of BHBA in the blood (Janovick et al., 2011). 
Switching cows from a far-off group to a close-up group can also be problematic.  
Overcrowding, poor diets, and too many moves close to calving lead to increased 
incidence of health problems (Drackley, 2005).  Contreras et al. (2004) recognized the 
advantage from a grouping perspective of a one-group diet for the entire dry period.  
They used the close-up diet for the entire dry period and found no improvement in any 
measured variables, concluding that the additional cost of feed was not worth having only 
one group.  However, they did not measure liver lipid accumulation.  Robinson et al. 
(2001) concluded that there was no benefit on milk production or reproduction to having 
a close-up period for multiparous cows and that the optimum close-up period length for 
primiparous cows was 9 to 12 d.  There may be an optimal time before calving to begin 
feeding higher energy diets (Vandehaar et al., 1999).   
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 Research is needed to compare a low energy, high fiber diet fed throughout the 
entire dry period to the traditional “steam up” approach currently used by many dairy 
farmers. 
 
Cellular and Molecular Adaptations in Liver 
Cellular and molecular mechanisms involved in hepatic adaptation to lactation are 
not well understood.  Oxygen utilization increases 95% from 11 d prepartum to 11 d 
postpartum and daily metabolic activity per gram of liver tissue nearly doubles from 4.4 
mmol O2/g at 11 d prepartum to 8.6 mmol of O2/g of liver at 11 d postpartum (Drackley 
et al., 2001).  Substrate delivery only accounts for a portion of increased metabolic 
activity because increased DMI lags behind increased milk production.  Upregulation of 
key metabolic pathways is also required (Drackley et al., 2001).   
 While the primary carbon sources oxidized to provide energy for the liver to 
function are not well defined, it is believed that they are mainly LCFA, lactate, butyrate, 
valerate, the branched-chain VFA, and acetyl-coenzyme A (CoA) produced from 
catabolism of amino acids (Drackley et al., 2001).  Oxidative use of glucose in liver is 
low, but may be further decreased by adaptive processes that occur during the transition 
period of dairy cows (Drackley et al., 2001).  As NEFA concentration increases, so do 
oxidation rates in bovine hepatocytes (Drackley et al., 2001).  The influx of NEFA at 
rates in excess of capacity of oxidation to the liver leads to increased TG synthesis and 
accumulation.   
 Peroxisomes contain an alternate pathway of β-oxidation in liver, apparently 
induced with increased hepatocellular influx of NEFA (Drackley et al., 2001).   Inducing 
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peroxisomal β-oxidation may provide an oxidative pathway to deal with excess uptake of 
NEFA around parturition (Drackley, 2001; Douglas et al., 2006).  Grum et al. (2002) 
found that total and peroxisomal β-oxidation rates were highly correlated.  Total 
oxidation capacity was correlated negatively with total lipid and triglyceride in liver 
homogenates (Grum et al., 2002).  Greater capacity for β-oxidation of palmitate by liver 
homogenates was associated with lower TG accumulation in the liver (Douglas et al., 
2006).  Increases in mitochondrial and peroxisomal β-oxidation may have been a 
contributing factor to lower hepatic accumulation of TG restricted fed during the dry 
period (Douglas et al., 2006).  Capacity for oxidation of fatty acids in the liver was 
greater for cows fed controlled energy either by feed restriction or a high-bulk low energy 
diet (Drackley, 2005).    
 
Peroxisomal Proliferator-activated Receptor α 
 Peroxisomal proliferator-activated receptor-α (PPARα ) is a nuclear transcription 
factor that is a central regulator of hepatic lipid metabolism.  With ligand-binding 
properties, PPAR are attractive therapeutic targets (Desvergne and Wahli, 1999).  Some 
fatty acids can act essentially as hormones, controlling transcription factors and acting as 
regulators of metabolism (Desvergne and Wahli, 1999).  Activation of PPAR by LCFA, 
eicosanoids, or xenobiotics causes dimerization with the retinoic acid-x receptor (RXR), 
which precedes binding of the PPAR:RXR complex to specific response areas 
(peroxisome-proliferator response elements; PPRE) of target genes, with activation or 
repression of gene expression resulting (Desvergne and Wahli, 1999).  Activation of 
PPAR in the cell depends upon many other transcription factors and cofactors (Desvergne 
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and Wahli, 1999). Activation of PPARα results in a coordinated induction of enzymes 
involved in plasma transport, intracellular trafficking, and metabolism of fatty acids 
(Drackley et al., 2001).  Activation of PPARα increased transcription of the enzymes of 
peroxisomal β-oxidation in liver of rodents (Desvergne and Wahli, 1999).  Stressors in 
the environment or nutritional manipulation can lead to increased expression of PPARα 
and subsequent increases of target gene expression (Desvergne and Wahli, 1999). 
 Nuclear transcription factors such as PPARα are involved in induction or 
repression of transcription of regulatory genes in bovine liver (Desvergne and Wahli, 
1999).  Interaction of LCFA or their metabolites with PPAR mediate changes in enzyme 
activities induced by high-fat diets (Drackley et al., 2001).  Grum et al. (2002) concluded 
that either increased β-oxidation capacity is protective against hepatic lipid accumulations 
or that hepatic lipid accumulations result in lower total β-oxidation capacity.     
 
Monensin 
Altering rumen fermentation pattern is the primary action of the ionophore 
monensin (Green et al., 1999).  By forming a lipophilic complex with cations, ionophores 
facilitate their transport across membranes (Martineau et al., 2007).  Monensin 
administration can improve energy balance (Arieli et al., 2008).  Monensin increases 
efficiency of N and energy utilization by enhancing rumen propionate production while 
reducing methane production, which increases overall efficiency of ruminal fermentation 
(Grummer et al., 1995, Overton and Waldron, 2004, Martineau et al., 2007).      
By improving the supply of glucose precursors, such as propionate, available to 
the cow, monensin leads to increased glucose availability, which, in turn, improves 
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energy status and decreases adipose tissue mobilization and fat infiltration of the liver 
(Duffield et al., 1998, Chung et al., 2008), with a corresponding decrease in NEFA and 
BHBA in plasma (Overton and Waldron, 2004).   
Monensin has decreased subclinical and clinical ketosis in lactating dairy cows 
(Green et al., 1999).  When administered by controlled-release capsule (CRC) during the 
transition period and early lactation, monensin decreased subclinical ketosis by 50%, and 
over-conditioned cows supplemented with monensin produced more milk (Duffield et al., 
1998, Duffield et al., 1999).  Arieli et al. (2008) found ketosis incidence was reduced by 
60% with monensin supplementation by CRC 30 d before expected calving.   
Feeding monensin usually does not affect DMI or BW.  When fed in the TMR 
during lactation, monensin did not change DMI or BW (Martineau et al., 2007). Top-
dressing monensin prepartum also did not affect prepartum DMI or postpartum DMI, 
BCS, or BW (Chung et al., 2008).  When administered for 50 to 70 d prepartum, 
monensin, however did increase BCS at calving (Melendez et al., 2004).  When 
monensin is supplemented during lactation, milk production usually increases while milk 
fat and protein percentages decrease (Martineau et al., 2007); however, prepartum 
feeding did not affect milk production or composition (Chung et al., 2008) in another 
study.   
Monensin alters energy metabolism with the potential to improve health in dairy 
cows (Stephenson et al., 1997).  When monensin supplementation was evaluated in 
various stages of lactation, it had no effect on blood serum glucose, NEFA, or urea 
(Plaizier et al., 2005).  Monensin has different effects during the dry period.  When 32 g 
of monensin was given in bolus form 50 d before calving, plasma concentrations of 
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glucose, NEFA, and BHBA were lower in treated cows than in control cows before 
calving, but there was no difference after calving (Stephenson et al., 1997).  In another 
study prepartum administration of monensin decreased serum BHBA and increased 
serum glucose during early lactation (Duffield et al., 1998).  Monensin increased glucose 
concentration by 15% and reduced BHBA concentration by 35% when monensin was 
administered by CRC 3 wk before parturition (Green et al., 1999).   
Research is needed to evaluate the results of mixing monensin into the total mixed 
ration (TMR) throughout the entire dry period, such as in a single-group dry cow 
program.   
 
Rumen Factors 
Some knowledge exists about rumen factors such as pH, VFA profile, papillae 
length, liquid dilution rate, and particle passage rate in lactating dairy cows.  Less is 
understood about rumen factors during the dry period, and even less is known about how 
monensin affects rumen factors pre- and postpartum when fed during the dry period. 
Rumen pH affects microbial growth, digestion of carbohydrates, and VFA 
production (Pitt et al., 1996).  Factors such as frequent feeding (Pitt et al., 1996) and high 
forage diets can stabilize the rumen pH (Hernandez-Urdaneta et al., 1976).  By inhibiting 
lactate-producing bacteria, monensin usually decreases lactate production with pH 
increasing as a result (Green et al., 1999, Plaizier et al., 2000).  However, other studies 
have found no effects on rumen pH when monensin is fed (Rogers and Davis, 1982, 
Mutsvangwa et al., 2002, Fairfield et al., 2007).   
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When pH decreases, the rumen-absorbed fraction of VFA increases (Pitt et al., 
1996).  Rumen fermentation was altered, with decreased acetate to propionate ratio, 
decreased butyrate, and increased pH when monensin was administered (Green et al., 
1999).  When added to the diet at 33 ppm, monensin decreased acetate and increased 
propionate production in the rumen (Rogers and Davis, 1982).  Volatile fatty acids were 
not affected by an oral capsule releasing approximately 335 mg/d of monensin (Melendez 
et al., 2004).   
The number of papillae per unit surface area of the rumen declines in nearly all 
ruminants as they grow and the number and shape of papillae varies largely between 
cows’ rumens (Reynolds et al., 2004).  While rumen papillae mass was higher in dry 
cows than in lactating cows (Reynolds et al., 2004), transition into lactation had little 
effect on 2-dimensional size of rumen papillae (Reynolds et al., 2004).  Research is 
needed to determine the effects of monensin fed during the dry period on rumen papillae. 
Ruminal liquid volume was reported to range between 64 L and 110 L by Pitt et 
al. (1996), who went on to point out that as ruminal volume increases, surface:volume 
ratio decreases, potentially reducing ruminal absorption of VFA.  Reynolds et al. (2004) 
found that rumen DM volume and liquid dilution rate increased after calving, while liquid 
volume did not increase.   
Monensin has been found to increase ruminal retention time of solids and liquids, 
but has little or no effect upon outflow of rumen fluid or dilution rate (Rogers and Davis, 
1982).  Monensin has been found to not affect ruminal fiber digestion (Osborne et al., 
2004) or to increase apparent digestibilities of NDF (Plaizier et al., 2000).    
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Summary and Objectives 
 Further research is needed to investigate strategies to minimize fatty liver 
incidence to reduce the associated health problems and costs.  Over-conditioned cows 
tend to have a greater drop in DMI around parturition with a corresponding increase in 
mobilization of body reserves after parturition, leading to fatty liver.  Minimizing the 
decrease in DMI around parturition should lead to improved health and well-being of the 
cows with a corresponding decrease in fatty liver incidence.   
Controlling energy intake throughout the dry period has decreased mobilization of 
body fat at parturition and produced some exciting results in the field.  Additional 
research is needed to compare controlling the energy intake through the entire dry period 
to increasing the energy intake the last 3 wk before calving.   
Research to further our understanding of cellular and molecular mechanisms 
involved in hepatic adaptation to lactation also is needed.  Use of PPARα agonists to 
induce mitochondrial and peroxisomal β-oxidation may provide greater activity of 
oxidative pathways to deal with excess uptake of NEFA around parturition, reducing 
accumulation in the liver.   
Monensin has been shown to improve energy balance when fed to dairy cows; 
however, research is needed to evaluate feeding monensin through the early dry period 
and the combined effects of feeding monensin and controlling energy intake throughout 
the dry period.   
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Specific Research Objectives: 
1) Compare DMI, milk yield, milk components, blood metabolites and liver composition 
in cows fed a controlled energy, high fiber diet to cows fed a diet with moderate 
energy, comparable to traditional close-up diets.  Both diets will be fed 
throughout the entire dry period and compared to a third dietary treatment in 
which the controlled energy diet is fed for the first 40 d of the dry period and the 
moderate energy diet is fed for the last 20 d.   
2) Investigate the effectiveness of a pharmaceutical compound in reducing TG 
accumulation in the liver by inducing peroxisomal β-oxidation.  (This portion will 
not be reported in my dissertation due to proprietary and legal considerations.) 
3) Evaluate the effects on the rumen of feeding a controlled energy, high forage diet 
with monensin included during the dry period.  Rumen pH, VFA profile, papillae 
length, liquid dilution rate, particle passage rate, and contents will be measured. 
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Chapter 2 
 
 
Comparison of a Controlled-energy High-fiber Diet Fed Throughout the Dry Period 
to a Two-stage Far-off and Close-up Dietary Strategy 
 
 
Abstract 
Previous research in our laboratory has shown that nutrition during the far-off 
(early) dry period may be equally or more important than nutrition during the close-up 
dry period.  Many farmers continue to use a two-stage feeding system for dry cows (far-
off plus close-up groups) with little research to support the practice.  Our objective was to 
determine if a controlled-energy, high-fiber diet fed throughout the dry period improves 
metabolic status and production of dairy cows compared with a higher-energy diet or a 
two-stage system (controlled energy far-off and higher energy close-up to calving).  
Twenty-five Holstein cows (10 primiparous) were assigned to each of 3 
treatments at 60 d before expected calving. Treatment CEHF was a controlled-energy 
diet (1.34 Mcal NEL/kg of DM; 12.0% CP) designed to meet, but not exceed NRC 
recommendations at ad libitum intake from dry-off until calving. The diet included wheat 
straw (40.5% of the DM) processed directly into the TMR using a Keenan Klassik 140
®
 
mixer wagon. Treatment OVERFED was a moderate-energy diet (1.61 Mcal NEL/kg of 
DM; 14.4% CP) fed ad libitum from dry-off until calving. For the 2-stage treatment, the 
CEHF diet was fed ad libitum from dry-off until 21 d prepartum, followed by the same 
moderate-energy diet fed to OVERFED until parturition. After parturition all cows were 
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fed the same lactation diet (1.67 Mcal NEL/kg of DM; 16.9% CP), which was mixed in a 
Calan Data Ranger
®
, through 63 d postpartum.  
The DMI and BW were greater for OVERFED cows compared to other dietary 
treatments prepartum (P < 0.01, P < 0.01), but not postpartum (P = 0.65, P = 0.59). When 
2-stage cows were switched to the moderate diet, their DMI increased to match that of the 
OVERFED cows.  Cows on OVERFED had greater gain of body condition score (BCS) 
before calving (P < 0.01), but tended to lose more BCS postpartum (P = 0.06). While 
OVERFED cows consumed 43% more energy than their requirement, CEHF cows 
consumed 93% of their requirement prepartum.  The energy balance postpartum was 
higher for CEHF cows (P < 0.01) than for OVERFED cows.  Milk production did not 
differ among treatments (P = 0.80). Milk fat content and yield were highest for 
OVERFED cows, lowest for CEHF, and intermediate for 2-stage cows (P < 0.01).  Milk 
protein content (P = 0.34) and yield (P = 0.38) did not differ among treatments.  
The OVERFED cows had lower serum NEFA (P < 0.01) prepartum than either 
CEHF or 2-stage, but were greater than the other two treatments postpartum (P < 0.01).  
β-Hydroxybutyrate was not different prepartum, but was greater for OVERFED than for 
CEHF or 2-stage cows postpartum (P < 0.01). Serum glucose (P < 0.01) and insulin (P = 
0.02) were lower for CEHF than OVERFED and 2-stage prepartum; insulin was lower 
for CEHF and OVEFED than for 2-stage postpartum (P < 0.01). The concentration of 
albumin did not differ among treatments, indicating that metabolizable protein status 
likely was adequate for all groups.  The CEHF cows had lower (P < 0.01) liver total lipid 
and triacylglycerol concentrations postpartum than did OVERFED cows, while the 2-
stage cows were intermediate.  
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 Controlling energy intake to near requirements during the dry period by use of a 
bulky high-straw diet (CEHF) improved metabolic status with few adverse effects on 
production.  A two-stage feeding strategy provided little benefit over the single-group 
controlled-energy diet.  Moreover, the moderate energy diet, even when fed for an 
average of only 19 d before calving in the 2-stage group, resulted in elevated lipid 
accumulation in the liver compared with the CEHF. 
 
Introduction 
Controlled feeding of cows during the dry period impacts periparturient health, 
post-calving feed intakes, and lactational performance.  Dann et al. (2006) found that 
nutrition during the far-off dry period was more important than nutrition during the close-
up dry period; dry matter intake (DMI) and energy balance increased, and serum β-
hydroxybutyrate (BHBA) and serum non-esterified fatty acid (NEFA) decreased when 
diets were fed to meet National Research Council (2001) guidelines during the early dry 
period compared with overfeeding. 
Janovick and Drackley (2010) found that a high-straw diet (32% wheat straw; 
1.21 Mcal NEL/kg of DM and 131 g CP/kg of DM) resulted in DMI being maintained 
more constant up to calving, less lipid accumulation in the liver, and lower blood ketone 
bodies than cows fed a higher energy diet ad libitum (1.63 Mcal NEL/kg of DM).  These 
effects were similar to those seen when prepartum DMI was limited by feed restriction 
(Dann et al., 2006, Douglas et al., 2006, Janovick and Drackley, 2010).  Restricting the 
amount of feed offered to cows is difficult in group housing systems.  “Boss” cows will 
have ad libitum intake, while more timid cows may have severely restricted intake.  
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Including straw or other bulky forage in a total mixed ration (TMR) provides a way for 
feeding ad libitum while still controlling energy intake (Beever, 2006). 
Many farmers continue to use a “steam-up” or close-up diet of greater nutrient 
density before calving based on recommendations from nutritionists.  Surprisingly little 
evidence exists, however, to support this practice (Drackley and Dann, 2008). Whether a 
close-up diet would provide benefits to cows fed on high-bulk diets during the early dry 
period also is not clear (Dann et al., 2006).  
The purpose of our study was to compare metabolic status and productivity of 
cows fed a controlled-energy, high-fiber (CEHF) diet throughout the entire dry period 
with cows fed a two-group dry cow system (controlled energy far-off diet and higher-
energy close-up diet).  A negative control group also was included in which cows were 
fed the higher-energy close-up diet throughout the entire dry period.  
 
Materials and Methods 
Thirty first-calving heifers and 45 second- or greater lactation Holstein cows were 
randomly assigned on the basis of expected calving date to one of 3 prepartum dietary 
strategies.  All procedures were conducted under protocols approved by the University of 
Illinois Institutional Animal Care and Use Committee.  Cows were dried off at 
approximately 60 d before expected calving and were started on the experimental diets 
immediately after dry-off.  Some cows were already dry because of long calving intervals 
and were started on treatments at ca. 60 d prepartum; the number of these cows was 
balanced across all treatments.  First-parity heifers were moved to the experimental barn 
at the same time and were housed and fed together with the older cows.   
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The first dietary treatment was a controlled-energy high-fiber diet (CEHF) 
designed to meet, but not exceed, National Research Council (2001) requirements 
(formulated to 1.34 Mcal NEL/kg DM and 11.9% CP; Tables 1 and 2) when fed for ad 
libitum intake from dry-off until calving.  This diet included wheat straw (40.5% of the 
DM) chopped directly into the TMR in a Keenan Klassik 140
®
 mixer wagon (Richard 
Keenan & Co. Ltd., Borris, Co. Carlow, Ireland).  Cows on the second treatment 
(OVERFED) were fed a moderate-energy diet (formulated to 1.61 Mcal NEL/kg of DM 
and 12.8% CP; Tables 1 and 2) for ad libitum intake from dry-off until calving.  The third 
treatment (2-stage) represented a typical two-phase system in which the CEHF diet was 
fed for ad libitum intake from dry-off until 21 d prepartum, followed by feeding the 
moderate-energy diet until calving.  At parturition all cows were fed a common lactation 
diet (formulated to 1.67 Mcal NEL/kg of DM and 17.5% CP; Tables 1 and 2).  A small 
amount (ca. 2 kg) of long-stem alfalfa hay was offered to all cows as a top-dress to the 
lactation TMR for 10 d following parturition.  Measurements were made through 63 d 
postpartum. 
Multiparous cows assigned to each treatment group averaged 2.5, 3.0, and 3.1 
parities for CEHF, OVERFED, and 2-stage, respectively, with the mode being two 
parities for each group.  Previous 305-d mature equivalent milk production averaged 
12,748 kg, 13,150 kg, and 13,693 kg for CEHF, OVERFED, and 2-stage, respectively.  
The average pre-treatment body condition score (BCS) was 3.1, 3.2, and 3.1 for the three 
groups. 
Cows were housed prepartum in a free-stall barn equipped with Calan
®
 gates 
(North American Calan, 454 Jenness Pond Rd., Northwood, NH 03261) allowing for 
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daily measurements of individual feed intake (feed offered minus feed refused).  Cows 
were moved into box stalls adjacent to the free-stall pens when parturition was imminent.  
Cows were housed postpartum in a tie-stall barn, with cows bedded on sawdust over 
rubber mats.   
Daily DMI was measured from assignment to treatments (ca. 60 d prepartum) 
through 63 d postpartum.  Dry matter content of individual feed ingredients was 
determined weekly and rations were adjusted accordingly to maintain DM ratios of 
ingredients in the TMR.  Weekly samples of ingredients and TMR were frozen at -20
o
C 
and composited monthly for analysis of DM, crude protein (CP), neutral detergent fiber 
(NDF), acid detergent fiber (ADF), Ca, P, K, and Mg by standard wet chemistry 
techniques at a commercial laboratory (Dairy One, Ithaca, NY, Table 3).  Estimated NEL 
values were assigned by Dairy One using NRC (2001) assumptions and equations.  
Particle size distribution was determined weekly for each of the TMR samples using a 
Penn State particle separator with two screens and pan (Table 4).   
Cows were milked twice daily and milk yields were recorded.  Consecutive 
evening and morning milk samples were taken weekly when cows were ≥ 6 days in milk 
(DIM) and each week thereafter through 63 DIM.  Composite milk samples were 
prepared in proportion to milk yield at each milking, preserved (800 Broad Spectrum 
Microtabs II; D & F Control Systems, Inc., San Ramon, CA), and analyzed for contents 
of fat, protein, lactose, solids-not-fat (SNF), urea N, and somatic cell count (Dairy Lab 
Services, Dubuque, IA). 
Pre- and postpartum energy balance was calculated using equations from the NRC 
(2001).  Intake of NEL was determined using daily DMI multiplied by NEL density in the 
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diet.  Maintenance NEL was calculated as BW
0.75
 × 0.080.  Pregnancy requirements for 
NEL were calculated as [(0.00318 × day of gestation – 0.0352) × (calf birth 
weight/45)]/0.218.  Requirements of NEL for milk production were calculated as (0.0929 
× fat %) + (0.0547 × protein %) + (0.0395 × lactose %).  For primiparous cows, an 
additional 2.69 Mcal/d requirement was added for retained energy (RE) or NEG  required 
during pregnancy as calculated previously for primiparous cows at the University of 
Illinois Dairy Research Unit (Janovick and Drackley, 2010).    
Body weight was measured weekly for each cow at the same time after the 
morning milking and before feeding.  A body condition score (BCS; scale 1 = thin to 5 = 
obese, with quarter-point increments) was assigned to each cow weekly by three 
independent people and the median score was used for statistical analysis.    
Blood samples were obtained from the coccygeal vein or artery at 0600 h 
prepartum and 0700 h postpartum (after feed refusals were removed and before the 
morning feeding) weekly from 60 d to 20 d before expected calving, twice weekly from 
20 to 10 d before expected calving, three times weekly from 10 d before expected calving 
to 10 d postpartum, twice weekly from 10 to 20 d postpartum, and weekly from 20 to 63 
d postpartum.  Blood was collected into evacuated serum tubes (SST; Becton Dickenson 
Vacutainer Systems, Franklin Lakes, NJ) containing clot activator and into evacuated 
plasma tubes (Becton Dickenson Vacutainer Systems, Franklin Lakes, NJ) containing 
K3EDTA.  Plasma tubes were immediately placed on ice after collection for transport to 
the laboratory; serum tubes were allowed to remain at ambient temperature for 30 min 
before separation.  All tubes were centrifuged at 1300 × g for 15 min to obtain serum or 
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plasma, which then were divided into several aliquots that were stored at -20°C until 
analysis. 
Insulin in serum was measured using a radioimmunoassay kit (Coat-a-Count 
Insulin kit, Diagnostic Products Corporation, Los Angeles, CA) as modified by Studer et 
al. (1993).  Concentrations of albumin (Doumas et al., 1971; Albumin Plus kit, Roche 
Diagnostics Corp.), glucose (Peterson and Young, 1968; glucose/HK kit, Roche 
Diagnostics Corp., Indianapolis, IN), NEFA (Johnson and Peters, 1993), and BHBA 
(Williamson and Mellanby, 1974; BHBA kit number 310-A, Sigma Chemical Co., St. 
Louis, MO) were measured in serum using an autoanalyzer (University of Illinois 
Clinical Pathology Laboratory, Urbana, IL).  For determination of albumin, glucose, 
NEFA, and BHBA concentration, all available time points corresponding to planned 
sample days were used.  Only blood samples taken at d -14, 1, 3, 5, 9, 30, and 60 were 
analyzed for insulin.  These time points corresponded with liver biopsy days, parturition, 
and completion of the experiment.   
Liver was sampled via puncture biopsy (Hughes, 1962) from cows under local 
anesthesia at 0700 h on d -14, 10, and 30 relative to parturition.  Liver tissue was 
immediately frozen in liquid N and later analyzed for concentrations of total lipid (Hara 
and Radin, 1978), TG (Fletcher, 1968; Foster and Dunn, 1973), and glycogen (Lo et al., 
1970). The incidence of health problems was recorded and summarized. 
Weekly means of daily measurements for DMI and milk yield were calculated for 
statistical analysis.  To avoid problems with fitting covariance structure, pre- and 
postpartum data were analyzed separately.  Data were analyzed as a randomized design 
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using the MIXED procedure of SAS (Hatcher and Stepanski, 1994) with the following 
model: 
yijkl = μ + Wi + Pj + WPij + Tk + WTik + PTjk + WPTijk + C(ijk)l 
where yijkl = an observation from the ith week relative to calving, jth parity, kth treatment 
and lth cow; μ = the grand mean; Wi = effect of the ith week; Pj = effect of the jth parity; 
WPij = effect of the week by parity interaction; Tk = effect of the kth treatment; WTik = 
effect of the week by treatment interaction; PTjk = effect of the parity by treatment 
interaction; WPTijk = effect of the week by parity by treatment interaction; and C(ijk)l = 
random experimental error from the lth cow nested within the ith week, jth parity, and kth 
treatment. The REPEATED statement was used for variables measured over time (BW, 
BCS, DMI, milk yield, and milk components).  Degrees of freedom were estimated by 
using the Satterthwaite option in the model statement.  When significant interactions with 
treatment occurred, linear contrast statements were constructed to explore them.  
Significance was declared when P < 0.05 and tendencies or trends were declared at 0.05 
< P < 0.10. 
 
Results and Discussion 
Median days dry for pluriparous cows was 60, 58, and 61 for CEHF, OVERFED, 
and 2-stage groups, with ranges of 36 to 170 d, 45 to 114 d, and 55 to 155 d, respectively.  
The mean ± SD days on experimental diets before calving was 56 ± 7, 56 ± 10, and 57 ± 
8 d for CEHF, OVERFED, and 2-stage, respectively.  Cows and heifers in the 2-stage 
group received the CEHF diet for 36 ± 7 d and the moderate-energy diet for a mean of 19 
± 6 d (mean ± SD).  
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Appendix A tabulates cows that died or were removed from the dataset for 
various reasons; some cows were replaced when alternatives were available.  A total of 
10 cows originally assigned to dietary treatments were removed from the experiment 
before calving (4 multiparous and 3 primiparous cows not pregnant, aborted, or calved 
too early) or their data removed from the prepartum data set (3 multiparous cows, did not 
adapt to Calan feed gates).  Four cows (3 multiparous and 1 primiparous) were removed 
at or after calving due to death or trauma, but prepartum data for these cows were 
retained in the dataset.  A total of 3 multiparous cows had partial data postpartum that 
were included in the dataset, before these cows died or were removed (see appendix).  
The total number of cows in the final prepartum data set was 23 for CEHF (13 cows and 
10 heifers), 26 for OVERFED (15 cows and 11 heifers), and 26 for 2-stage (16 cows and 
10 heifers).  The total number of cows in the final postpartum dataset was 23 for CEHF 
(13 cows and 10 heifers), 24 for OVERFED (14 cows and 10 heifers), and 24 for 2-stage 
(14 cows and 10 heifers). 
Heifers and cows generally responded similarly to the dietary treatments.  Mean 
far-off prepartum DMI were similar for CEHF and 2-stage.  The DMI (P < 0.01) as well 
as intakes of NEL and CP (P < 0.01) were greater for OVERFED cows during the far-off 
prepartum period (Table 5); however, when the 2-stage cows were switched to the higher 
energy diet, their DMI as well as intakes of NEL and CP rose to the same level as 
OVERFED cows (P < 0.01).  Postpartum there was no difference in intake across dietary 
treatments (Table 6).  The DMI for OVERFED cows was high during the mid dry period 
but decreased sharply over the last weeks before parturition (Figures 1 and 2).  The DMI 
for CEHF and 2-stage was more constant during the first 5 wk of the dry period; 
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remarkably, when 2-stage cows were switched to the same diet as the OVERFED cows at 
2 wk before expected calving their DMI increased to the same as OVERFED cows and 
then followed them down at the same rate until calving (Figures 1 and 2).   
The OVERFED cows consumed 43% more energy than their requirement 
prepartum, while CEHF and 2-stage cows consumed near their requirement (P < 0.01; 
Table 5, and Figures 3, 4, and 5).  Postpartum the OVERFED cows had greater negative 
energy balance and took longer to recover than CEHF or 2-stage cows (P < 0.01; Table 6, 
and Figures 3, 4, and 5).  The OVERFED cows had greater mean BCS (Table 5) and gain 
of BCS before calving (P < 0.01) but lost more BCS postpartum (P = 0.06; Table 6, 
Figure 7).  The mean BW were greater (P < 0.01) for OVERFED cows prepartum (Table 
5), but not postpartum (P = 0.59; Table 6).  The BCS and BW did not differ between 
CEHF and 2-stage during the far-off or close-up periods. 
Data pertaining to calving are summarized in Table 7.  There were 3, 1, and 4 
cows calving with twins for CEHF, OVERFED, and 2-stage groups, respectively.  Mean 
calf birth weights were calculated both with twins considered separate calves and as 
twins considered a single birth weight.  There were no differences among treatments 
when twin calves were considered as individuals, but likely because of the lower number 
of twin births for the OVERFED group, mean birth weight with twin calves considered 
together tended to be lower for that group than either CEHF or 2-stage.  Regardless, it is 
evident that treatments did not have a significant effect on calf size.  This is borne out by 
the lack of differences among treatments in calving difficulty score (Table 7).  Colostral 
IgG concentration (determined by colostrometer) did not differ among treatments, and 
limited measurements of colostrum volume also indicated no differences.  More intensive 
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recording of colostral volume should be obtained in future studies with the CEHF 
strategy in comparison with other dietary regimes. 
Milk production and component data are presented in Table 8.  Milk yield was not 
different among treatments (Figure 8), indicating that feeding a higher energy close-up 
diet before parturition did not increase milk production.  Although not approaching 
significance, the apparent trend for greater milk production by 2-stage multiparous cows 
compared with CEHF multiparous cows may be a consequence of the slightly greater 
number of lactations and greater previous milk yields for the 2-stage cows; however, 
these factors were not significant when used as covariates in a statistical model in which 
only multiparous cows were analyzed (data not shown).  
In contrast, yield of fat-corrected milk (FCM) was greater for OVERFED cows (P 
= 0.03) than for either CEHF or 2-stage groups, which did not differ from each other.  
The greater FCM yield was mainly driven by differences in milk fat content.  Both milk 
fat content and yield were lower for CEHF cows than for OVERFED cows, with 2-stage 
being intermediate.  The greater milk fat production for OVERFED cows may be 
attributable to greater body condition loss after calving.  Content and yield of true protein 
in milk were not different among treatments.  For unknown reasons contents of lactose 
and SNF in milk were lower for CEHF than for OVERFED and 2-stage groups; however, 
yields of lactose and SNF were not different.  Urea N and somatic cell count did not 
differ among treatment groups. 
The calculated efficiency (FCM/DMI) was lowest for CEHF and highest for 
OVERFED, with the 2-stage group being intermediate.  Because cows in all groups were 
in negative energy balance for much of the lactation period studied, calculated efficiency 
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values do not accurately reflect conversion of feed to milk as in later stages of lactation, 
but instead indicate the contribution of mobilized body fat to milk synthesis.  In this 
context, therefore, the lowest efficiency for CEHF is the most desirable and the highest 
efficiency for the OVERFED group indicates extensive body fat mobilization and 
potential risk for metabolic disorders. 
Results for blood analysis are shown in Table 9.  Serum NEFA concentration for 
OVERFED cows was lower (P < 0.01) than the other two treatments during the far-off 
period.  As 2-stage cows were switched to the higher energy diet, their serum NEFA 
concentrations decreased, while OVERFED levels increased to the same concentration. 
Postpartum NEFA concentrations were significantly higher (P < 0.01) in OVERFED 
cows than the other two treatments (Figure 9).  These results support the greater negative 
energy balance, greater milk fat yield, and excessively high calculated efficiency in 
OVERFED cows as discussed already.  In addition, there was a significant parity by 
treatment by day interaction (Figure 10).  Heifers given CEHF or the 2-stage diet had 
greater NEFA during the far-off period than did cows on the same diets.  Of interest also 
is the marked decrease in serum NEFA when cows assigned to the 2-stage group were 
switched to the moderate-energy diet (Figure 9).  This undoubtedly reflects the large 
increase in energy balance and the resultant increase in insulin. 
Concentrations of BHBA did not differ prepartum (Table 9).  The CEHF cows 
had lower (P < 0.01) serum BHBA (Table 9, Figure 11) postpartum than did OVERFED 
cows.  In addition, concentrations of BHBA returned to baseline more quickly than did 
those for cows fed the 2-stage diet.  Serum BHBA remained elevated in OVERFED cows 
for the duration of the study.   
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Serum glucose prepartum (Table 9, Figure 12) was lower (P = 0.01) for CEHF 
and 2-stage during the far-off period than for OVERFED cows.  Serum glucose 
concentrations in 2-stage cows increased to the same level as OVERFED cows when they 
were switched to the higher energy diets.  Insulin (Table 9, Figures 13 and 14) was only 
measured prepartum during the close-up period, when OVERFED and 2-stage groups 
were receiving the same moderate energy diet. Consequently, insulin was not different 
between OVERFED and 2-stage groups, but both were higher than CEHF (P = 0.02).  
These results reflect the marked positive energy balance during the dry period for 
OVERFED cows.  The glucose:insulin ratio, which has been used as an indirect indicator 
of insulin sensitivity, was not different prepartum.  Postpartum, glucose concentrations 
did not differ significantly among treatments.  The insulin concentration was 
unexplainably greater for the 2-stage cows than for either CEHF or OVERFED cows, 
resulting in a lower glucose:insulin ratio for that group.  It is noteworthy that the 
OVERFED cows had significantly increased NEFA and BHBA concentrations 
postpartum despite similar insulin concentrations and glucose:insulin ratios as the CEHF 
cows.  These results raise the possibility that overfeeding prepartum affects the ability of 
insulin to regulate lipolysis and lipid mobilization postpartum. 
Urea N in blood was greater prepartum for CEHF (Table 9, and Figure 15), likely 
reflecting differences in capture of the non-protein N in the CEHF diet relative to the 
moderate-energy diet.  Urea N did not differ among treatments postpartum when all cows 
were receiving the same diet.  Concentrations of albumin did not differ among treatments 
either prepartum or postpartum, suggesting that metabolizable protein supply was 
adequate for all groups.  Cholesterol concentration was greater for OVERFED cows 
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prepartum (Table 9), likely reflecting the greater DMI for those cows and greater need for 
cholesterol for long-chain fatty acid absorption.  Cholesterol did not differ postpartum. 
Liver total lipid (Table 10, and Figure 16) and TG (Table 10, and Figure 17) 
concentrations were lower (P < 0.01) postpartum for CEHF cows than for OVERFED 
cows, whereas the 2-stage cows were intermediate.  This finding confirms previous data 
demonstrating that long-term overfeeding during the dry period increases likelihood of 
significant lipid deposition in the liver postpartum and that CEHF diets prevent this 
hepatic lipid accumulation (Janovick et al., 2011).  Surprisingly, our data indicate that 
even the relatively short (19 d) period of feeding the moderate energy diet before calving 
for 2-stage cows significantly increased hepatic lipid infiltration.   
Liver glycogen concentration was lower (P < 0.01) in CEHF cows than for the 
other two groups (Table 10, Figure 18).  However, liver samples saved for glycogen 
analysis inadvertently underwent significant thawing before analysis, which likely caused 
degradation of glycogen.  Values are considerably lower than in our previous studies 
(Grum et al., 1996, Dann et al., 2006, Douglas et al., 2006) and consequently we are not 
confident in the validity of these glycogen data. 
The only major difference in cow performance due to diet was the increased milk 
fat production (and yield of FCM) for the OVERFED cows.  This would represent an 
economic benefit, but it must be balanced against a significant increase in DMI over the 
duration of the dry period as well as greater risk for health problems.  Therefore, a 
comparison of feed cost versus revenue gain from milk fat was conducted for the CEHF 
and OVERFED cows (Table 11).  Ingredient costs and milk fat price at the time of the 
study were used to calculate feed costs and returns.  The CEHF diet cost $0.59 per cow 
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per day less than the feed consumed by the OVERFED diet.  Milk fat from OVERFED 
cows was worth $0.72 per cow per day.  Comparing a 56-d dry period to 60 days of milk 
production, $9.56/cow more was gained for the OVERFED cows.  However, this 
advantage could be quickly lost by increased incidence of metabolic disorders and 
infectious diseases caused by prolonged overfeeding.   
The incidence of disease and deaths in this experiment is recorded in Table 12. 
Dietary treatment trends cannot be considered conclusive as there were not enough cows 
to reach statistically valid conclusions.  All cows clinically diagnosed with ketosis were 
verified by serum BHBA concentrations greater than 1.4 mM.  Other non-clinical cases 
of ketosis are reported based on serum BHBA concentrations greater than 1.4 mM.  Three 
of the metritis cases, one on the OVERFED and two on the 2-stage treatment, were in 
cows that had twins.  One cow with a retained placenta on the 2-stage treatment had 
twins.  All cows reported as having retained placentas were also reported as having 
metritis.  The generally greater incidence of health problems for OVERFED cows is 
consistent with results of Janovick et al. (2011) as well as results reported by Beever 
(2006). 
Conclusions and Implications 
 Our results confirm the favorable metabolic responses in cows fed CEHF 
throughout the dry period, compared with OVERFED cows.  These results indicate an 
increase in lipid accumulation in the liver due to body reserve mobilization in OVERFED 
cows, increasing the likelihood of fatty liver and subsequent disorders and diseases in 
these cows.  Controlling the energy intake of cows during the dry period prevented lipid 
accumulation in the liver.  
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 Compared with CEHF, the 2-stage treatment in this study did not appreciably 
benefit cows in any way except for small increases in milk fat, lactose, and SNF.  Thus, 
the additional feed cost and inconvenience of formulating a separate diet for a separate 
group would seem to be not justified by significant benefit.  Indeed, the increased liver 
fat accumulation and prolonged elevation of BHBA postpartum suggests that this 
approach might actually increase metabolic risk to cows postpartum. 
 Of interest, however, is the marked change in DMI and energy balance, with 
corresponding increases in insulin and decreased NEFA when the 2-stage cows were 
switched to the higher energy diet.  These increases in DMI and energy balance were not 
maintained past the first week post-change.  While it appears that a 3-wk period of close-
up feeding is not advantageous and might even be negative, the potential benefits of a 
short (7 to 10 d) “close-up” feeding period are intriguing and should be investigated in 
future research.  It is acknowledged, however, that such a practice would be very difficult 
to implement in group housing situations, unless cows were moved in to maternity pens 
at 7 to 10 days before calving. 
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Tables 
 
Table 2.1.  Ingredient composition of diets (% of total dry matter) 
Ingredient  CEHF OVERFED Lactation 
Wheat straw  40.46 0.00 0.00 
Alfalfa hay, mid-maturity  3.24 6.00 3.50 
Alfalfa silage, mid-maturity  9.70 17.92 12.50 
Corn silage  28.32 49.88 34.00 
Whole cottonseed  0.00 4.99 9.00 
Ground shelled corn  3.46 13.83 21.50 
Soybean meal 48% CP  11.33 4.29 2.50 
Soy Plus
®
  0.00 0.00 8.50 
Soy hulls  0.00 0.00 5.00 
Blood meal  0.00 0.00 1.00 
Liquid fat  0.00 0.00 0.25 
Urea  0.24 0.19 0.00 
Dicalcium phosphate  0.32 0.00 0.20 
Limestone  0.65 0.62 0.55 
Magnesium oxide  0.51 0.43 0.15 
Magnesium sulfate  0.69 0.62 0.00 
Magnesium chloride  0.40 0.55 0.00 
Sodium sulfate  0.00 0.00 0.10 
Sodium bicarbonate  0.00 0.00 0.75 
UI Dairy mineral/vitamin
1 
  0.19 0.18 0.20 
Salt (plain)  0.20 0.23 0.20 
Vitamin A  0.01 0.01 0.00 
Vitamin D  0.01 0.01 0.00 
Vitamin E  0.26 0.24 0.10 
1 
Composition: Mg, 5 % DM; K, 7.5% DM; S, 10 % DM; Co, 40 mg/kg; Cu, 5000 
mg/kg; I, 250 mg/kg; Fe, 20000 mg/kg; Mn, 30000 mg/kg; Se, 150 mg/kg; Zn, 30000 
mg/kg; Vitamin A, 2200 1000 IU/kg; Vitamin D, 660 1000 IU/kg; Vitamin E 22000 
IU/kg  
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Table 2.2.  Formulated dry matter intake (DMI) and composition of diets as formulated
a 
 Diet 
Component CEHF OVERFED Lactation 
DMI, kg/d  11.9 12.8 20.0 
Net energy lactation
b
, Mcal/kg of DM 1.34 1.61 1.67 
ME
b
, MJ/kg of DM 9.0 10.7 11.0 
Crude protein, % of DM 11.9 12.8 17.5 
Neutral detergent fiber, % of DM 52.0 33.7 33.8 
Acid detergent fiber, % of DM 36.3 22.8 23.5 
Non-fiber carbohydrates, % of DM 25.2 42.8 39.0 
Ca, % of DM 0.60 0.60 0.77 
P, % of DM 0.25 0.25 0.37 
Mg, % of DM 0.60 0.60 0.32 
K, % of DM 1.55 1.37 1.36 
Na, % of DM 0.10 0.10 0.32 
Cl, % of DM 0.68 0.64 0.36 
Fe, mg/kg of DM 225 185 480 
Zn, mg/kg of DM 79 76 90 
Cu, mg/kg of DM 18 15 17 
Mn, mg/kg of DM 103 71 85 
Co, mg/kg of DM 0.19 0.23 0.21 
I, mg/kg of DM 0.64 0.58 0.56 
Se, mg/kg of DM 0.34 0.36 0.39 
Vitamin A, kIU/d 85 85 88 
Vitamin  D, kIU/d 21 21 26 
Vitamin E, IU/d 1870 1870 1760 
 
a 
From which TMR were formulated. 
b
 Calculated by NRC (2001) model. 
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Table 2.3.  Analyzed composition of diets
a 
 Diet 
Component CEHF OVERFED Lactation 
Dry matter (DM), % of fresh weight 52.4 48.4 56.2 
Crude protein, % of DM 12.0 14.4 16.9 
Neutral detergent fiber, % of DM 53.9 37.2 35.1 
Acid detergent fiber, % of DM 37.5 25.4 23.5 
Non-fiber carbohydrates
b
,  % of DM 24.6 41.9 40.4 
Starch
c
, % of DM 12.4 27.2 25.1 
Net energy lactation
b
, Mcal/kg DM 1.34 1.61 1.67 
ME
b
, MJ/kg DM 9.04 10.62 11.00 
Ca, % of DM 0.64 0.67 0.72 
P, % of DM 0.25 0.31 0.40 
Mg, % of DM 0.46 0.55 0.30 
K, % of DM 1.57 1.41 1.37 
Na, % of DM 0.08 0.11 0.32 
Cl
c
, % of DM 0.62 0.56 0.32 
S, % of DM 0.25 0.22 0.21 
DCAD
d
, mEquiv/100 g of DM 10.6 11.4 35.9 
 
a 
Mean analyses of 9 monthly composite samples of TMR. 
b
 Calculated by NRC (2001) model. 
c
 Analysis of one composite sample of individual ingredients. 
d
 Calculated as (Na + K) – (Cl + S). 
 
 
 
Table 2.4 Mean (± SD) particle size (Penn State particle separator) of TMR, expressed as 
the % on each screen 
  CEHF SD OVERFED SD Lactation SD 
Top 20 8 4 2 7 3 
Middle 36 4 46 6 41 3 
Bottom 45 7 50 7 52 4 
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Table 2.5. Prepartum dry matter and nutrient intakes, body weight, and body condition score pre- and postpartum. 
 Treatment (across parities)  
Avg. 
SEM 
 P-value 
Stage and variable 
CEHF  OVERFED  2-stage   TRT Parity PxT Week PxW TxW 
PxT
xW 
Prepartum, far-off (-9 to -4 wk)           
     DMI, kg/d 10.02
 b
  14.00
 a
  9.22
 b
  0.4  <0.01 <0.01 0.03 <0.01 0.14 0.07 0.21 
     DMI, %BW 1.46
 b 
 1.98 
a 
 1.30 
c 
 0.07  <0.01 0.09 0.60 <0.01 0.35 <0.01 0.15 
     Energy balance, Mcal/d -1.25
 b 
 6.87 
a 
 -2.43 
b 
 0.65  <0.01 <0.01 0.12 <0.01 0.06 0.04 0.41 
     Energy balance, % req. 92.6 
b 
 149.2 
a 
 83.7 
b 
 4.4  <0.01 <0.01 0.04 <0.01  0.30 0.02 0.21 
     NEM, Mcal/d 14.3 
b 
 22.9 
a 
 13.2 
b 
 0.61  <0.01 <0.01 0.01 <0.01 0.23 0.10 0.28 
     CP intake, kg/d 1.20
 b 
 2.02
 a 
 1.10 
b 
 0.05  <0.01 <0.01 <0.01 <0.01 0.24 0.11 0.30 
     Average BCS  3.19
 b 
 3.33
 a 
 3.19 
b 
 0.03  <0.01 0.51 0.56 <0.01 <0.01 0.05 0.33 
     Body weight, kg 716
 b 
 725 
a 
 706 
c 
 4.3  0.01 0.03 0.43 <0.01 0.97 0.37 0.56 
Prepartum, close-up (-3 to -1 wk)           
     DMI, kg/d 10.6
 b
  12.8
 a
  12.2
 a
  0.45  <0.01 <0.01 0.96 <0.01 <0.01 0.04 0.77 
     DMI, %BW 1.47
 b
  1.73
 a
  1.67
 a
  0.06  0.02 0.48 0.68 <0.01 0.01 0.03 0.93 
     Energy balance, Mcal/d -1.2 
b 
 4.5 
a 
 3.2 
a 
 0.78  <0.01 <0.01 0.92 <0.01 0.01 0.02 0.58 
     Energy balance, % req. 93.2 
b 
 128.7 
a 
 119.4 
a 
 4.9  <0.01 <0.01 0.89 <0.01 <0.01 0.02 0.59 
     NEM, Mcal/d 15.1
 b
  20.8
 a
  19.8
 a
  0.64  <0.01 <0.01 0.94 <0.01 <0.01 0.03 0.53 
     CP intake, kg/d 1.27
 b
  1.83
 a
  1.74
 a
  0.06  <0.01 <0.01 0.92 <0.01 0.01 0.02 0.46 
     Average BCS 3.14
 b
  3.45
 a
  3.20
 b
  0.04  <0.01 0.65 0.92 0.02 0.46 0.68 0.50 
     Body weight, kg 744
 b
  763
 a
  738
 b
  6.0  0.01 <0.01 0.79 <0.01 <0.01 0.44 0.48 
a,b,c
Means within a row with unlike superscript differ (P ≤ 0.05). 
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Table 2.6. Postpartum dry matter and nutrient intakes, body weight, and body condition score pre- and postpartum. 
 Treatment (across parities)  Avg. 
SEM 
 P-value 
Stage and variable CEHF  OVERFED  2-stage   TRT Parity PxT Week PxW TxW PxTxW 
     DMI, kg/d 17.18  16.26  16.75  0.70  0.65 <0.01 0.96 <0.01 <0.01 0.42 0.69 
     DMI, %BW 2.89  2.70  2.74  0.10  0.40 0.97 0.81 <0.01 0.02 0.46 0.82 
     Energy balance, Mcal/d -2.0 
a 
 -7.0 
c 
 -4.8 
b 
 0.9  <0.01 0.54 0.99 <0.01 <0.01 0.98 0.59 
     Energy balance, % req. 94.0 
a 
 80.0 
c 
 86.5 
b 
 2.5  <0.01 0.90 0.89 <0.01 0.03 0.95 0.39 
     NEL intake, Mcal/d 29.7  28.4  28.6  1.2  0.70 <0.01 0.87 <0.01 0.02 0.72 0.80 
     CP intake, kg/d 3.04  2.91  2.93  0.12  0.70 <0.01 0.87 <0.01 0.02 0.72 0.80 
     Average BCS 2.81  2.97  2.81  0.05  0.06 <0.01 0.88 <0.01 <0.01 <0.01 0.78 
     Body weight, kg 609  617  608  7.0  0.59 0.15 0.21 <0.01 0.11 0.44 0.99 
 
a,b,c
Means within a row with unlike superscript differ (P ≤ 0.05). 
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Table 2.7.  Calving and colostrum data 
 Treatment  Avg. 
SEM 
 P-value 
Variable CEHF OVERFED 2-stage   TRT Parity PxT 
Calf birth weight
a
, kg 
(Twins separate) 
42.2 40.1 40.9  1.4  0.57 <0.01 0.69 
Calf birth weight
a
, kg 
(Twins together as one birth) 
47.9 41.2 46.4  2.1  0.07 0.01 0.75 
Calving difficulty 1.54 1.64 1.78  0.26  0.83 0.98 0.36 
Colostral IgG, mg/dL  80.7 85.5 78.6  7.5  0.79 0.19 0.54 
First colostrum weight
b
, kg 4.8 6.0 5.9  1.2  0.81 0.02 0.51 
a 
Model included sex (P < 0.05) 
b 
Measured only in 3, 6, and 6 cows for CEHF, OVERFED, and 2-stage, respectively 
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Table 2.8. Milk yield and milk components 
 Treatment  Avg. 
SEM 
 P-value 
Variable CEHF  OVERFED  2-stage   TRT Parity PxT Week PxW TxW PxTxW 
Milk yield, kg/d  32.2  33.6  33.1  1.4  0.80 <0.01 0.60 <0.01 0.01 0.78 0.31 
Fat-corrected milk, kg/d 33.5
 b 
 39.1 
a 
 35.2 
b 
 1.4  0.03 <0.01 0.73 <0.01 0.62 0.35 0.92 
Milk fat, % 3.20
 c
  3.87
 a
  3.43
 b
  0.110  <0.01 0.35 0.34 <0.01 0.53 0.57 0.83 
Milk protein, % 2.63  2.70  2.74  0.053  0.34 0.24 0.51 <0.01 0.05 0.37 0.75 
Milk lactose, % 4.79 
b 
 4.91
 a 
 4.93 
a 
 0.038  0.02 <0.01 0.99 <0.01 0.19 0.79 0.54 
Milk SNF, % 5.67
 b 
 5.80
 a 
 5.82 
a 
 0.039  0.02 <0.01 0.99 <0.01 0.15 0.74 0.51 
Milk fat, kg/d 1.12
 c
  1.41
 a
  1.21
 b
  0.059  <0.01 <0.01 0.59 0.30 0.82 0.49 0.87 
Milk protein, kg/d 0.93  1.01  0.98  0.043  0.43 <0.01 0.91 <0.01 0.01 0.39 0.97 
Milk lactose, kg/d 1.70
 b
  1.84
 a
  1.78
 a
  0.075  0.41 <0.01 0.58 <0.01 0.08 0.41 0.98 
Milk SNF, kg/d 2.01  2.17  2.10  0.088  0.44 <0.01 0.59 <0.01 0.08 0.39 0.98 
Milk urea nitrogen, mg/dL 12.22  12.28  11.87  0.38  0.67 0.02 0.84 0.94 0.57 0.45 0.57 
Milk somatic cell count,  
   × 1000/ml 
252  170  155  85  0.69 0.04 0.63 0.63 0.78 0.92 0.92 
Efficiency, FCM/DMI 1.91
 c 
 2.34 
a 
 2.09 
b 
 0.08  <0.01 0.45 0.89 <0.01 0.22 0.52 0.59 
a,b,c
Means within a row with unlike superscript differ (P ≤ 0.05). 
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Table 2.9. Components in blood pre- and postpartum. 
  Treatment  Avg. 
SEM 
 P-value 
Stage and variable CEHF  OVERFED  2-stage   TRT Parity PxT Day PxD TxD PxTxD 
Prepartum far-off (-9 to -4 wk)           
    NEFA, mEq/L 0.38
 b 
 0.18 
c 
 0.46
 a 
 0.03  <0.01 0.01 0.40 0.76 0.01 0.10 0.02 
    BHBA, mmol/L 0.39  0.39  0.45  0.03  0.22 0.80 0.42 0.01 0.43 0.95 0.89 
    Glucose, mg/dL 65.1 
b 
 68.2
 a 
 65.2 
b 
 0.83  0.01 <0.01 0.59 <0.01 0.68 0.61 0.17 
    Urea nitrogen, mg/dL 13.8 
a 
 12.4 
b 
 12.6 
b 
 0.43  0.05 <0.01 0.70 <0.01 0.98 0.75 0.25 
    Albumin, g/dL 3.6  3.7  3.7  0.07  0.92 0.01 0.51 0.37 0.82 0.54 0.05 
    Cholesterol, mg/dL 120.2
  
 124.6 
 
 112.6 
 
 5.6  0.29 <0.01 0.39 <0.01 <0.01 0.60 0.13 
Prepartum close-up (-3 to -1 wk)           
    NEFA, mEq/L 0.53
 a 
 0.34 
b 
 0.35
 b 
 0.03  <0.01 0.68 0.30 <0.01 <0.01 0.46 0.19 
    BHBA, mmol/L 0.55  0.46  0.48  0.03  0.14 0.22 0.89 <0.01 0.07 0.60 0.36 
    Glucose, mg/dL 61.5
b 
 66.8
 a 
 65.5 
a 
 0.98  <0.01 <0.01 0.39 <0.01 <0.01 0.57 0.61 
    Urea nitrogen, mg/dL 13.9 
a 
 11.1 
b 
 10.0
c 
 0.42  <0.01 0.01 0.31 <0.01 0.03 0.11 0.30 
    Albumin, g/dL 3.4  3.6  3.5  0.07  0.17 0.05 0.73 0.42 0.59 0.79 0.84 
    Cholesterol, mg/dL 84.0
 b 
 98.8 
a 
 82.9 
b 
 3.2  <0.01 0.03 0.01 <0.01 0.19 0.71 0.71 
    Insulin, uIU/mL 8.4
 b 
 12.4
 a 
 14.8
 a 
 1.5  0.02 <0.01 0.89 ---- ---- ---- ---- 
    Glucose: Insulin, mg/uIU 0.12  0.08  0.07  0.02  0.13 0.01 0.62 ---- ---- ---- ---- 
Postpartum                
    NEFA, mEq/L 0.52
 b 
 0.77
 a 
 0.60
 b 
 0.04  <0.01 0.17 0.58 <0.01 0.01 0.01 0.92 
    BHBA, mmol/L 0.53
 b 
 0.81
 a 
 0.64 
b 
 0.065  0.01 0.42 0.75 <0.01 <0.01 <0.01 0.72 
    Glucose, mg/dL 63.0  61.7  63.3  1.1  0.54 <0.01 0.14 <0.01 <0.01 0.41 0.48 
54 
 
Table 2.9. (cont.)                
    Insulin, uIU/mL 8.6
 b 
 7.3 
b 
 12.2
 a 
 0.8  <0.01 <0.01 0.11 <0.01 0.04 0.29 0.09 
    Glucose: Insulin, mg/uIU 0.16 
a 
 0.18 
a 
 0.10
 b 
 0.02  0.05 <0.01 0.38 <0.01 0.04 0.72 0.79 
    Urea nitrogen, mg/dL 12.6  12.2  12.0  0.4  0.58 <0.01 0.38 <0.01 0.07 0.26 0.90 
    Albumin, g/dL 3.4  3.5  3.5  0.05  0.45 0.08 0.35 0.03 0.14 0.56 0.91 
    Cholesterol, mg/dL 116.5  124.6  122.1  5.1  0.53 0.03 0.99 <0.01 0.02 0.53 0.67 
a,b,c
Means within a row with unlike superscript differ (P ≤ 0.05). 
 
 
 
Table 2.10.  Composition of liver tissue (% of wet tissue weight) 
 
Treatment 
 
Avg. 
SEM 
 
P-value 
Component CEHF  OVERFED  2-stage  
 
TRT Parity PxT Day PxD TxD PxTxD 
Total lipid 5.16
 b
  9.02
 a
  7.33
 a
  0.79  <0.01 0.51 0.37 <0.01 0.08 0.02 0.49 
Triacylglycerol 1.06 
b
  3.47 
a
  1.88 
ab
  0.43  <0.01 0.02 0.71 <0.01 <0.01 0.03 0.79 
Glycogen 0.62
 b 
 0.76
 a 
 0.83 
a 
 0.05  0.01 <0.01 0.80 0.56 0.70 0.10 0.60 
a,b,c
Means within a row with unlike superscript differ (P ≤ 0.05). 
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Table 2.11.  Cost comparison of feed and milk fat 
Variable CEHF OVERFED 
Difference 
(OVERFED − 
CEHF)  
$/Ton feed as fed 73.96 69.96  
$/kg as fed 0.081 0.077  
DM content 0.52 0.48  
$/kg DM 0.156 0.160  
DMI, kg/d 10.2 13.6  
Feed cost/cow/day dry period, $ 1.59 2.18 + 0.59 
Feed cost/cow per 56-d dry period, $ 89.04 122.08 + 33.04 
     
Milk fat, $/kg 2.44 2.44  
Milk fat, kg/d 1.12 1.41  
$/day from milk fat 2.73 3.44 + 0.71 
Milk fat value/cow, $/60 d 163.80 206.40 +42.60 
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Table 2.12.  Count of disease, twins, and deaths 
Parity Treatment Mastitis 
Retained 
placenta Metritis LDA 
Clinical 
ketosis 
BHBA 
 >1.4 mM Milk fever Twins Deaths 
              
1 OVERFED 0 0 1 0 2 3 0 0 0 
 CEHF 0 0 1 1 0 3 0 1 1 
 2-stage 0 0 0 0 0 1 0 1 0 
           
1+ OVERFED 1 3 6 2 2 9 1 1 3 
 CEHF 3 3 5 1 3 5 0 2 1 
 2-stage 3 2 3 3 3 7 0 3 2 
           
All OVERFED 1 3 7 2 4 12 1 1 3 
 CEHF 3 3 6 2 3 8 0 3 2 
 2-stage 3 2 3 3 3 8 0 4 2 
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Figures (showing significant interaction effects from Tables 2.5 to 2.10) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1.  Dry matter intake (percent of body weight) for cows fed different amounts of 
energy during the dry period.  Average SEM = 0.08 (prepartum), 0.12 (postpartum). 
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Figure 2.2.  Dry matter intake (kg/d) for cows fed different amounts of energy during the 
dry period.  Average SEM = 0.52 (prepartum), 0.82 (postpartum). 
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Figure 2.3.  Energy balance (Mcal/d) for cows fed different amounts of energy during the 
dry period.  Average SEM = 0.85 (prepartum), 1.13 (postpartum). 
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Figure 2.4.  Energy balance (percent requirement) for cows fed different amounts of 
energy during the dry period.  Average SEM = 5.4 (prepartum), 3.1 (postpartum).  
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Figure 2.5.  Prepartum NEM intake (Mcal/d) for cows fed different amounts of energy 
during the dry period.  Average SEM = 1.0 (cows), 1.2 (heifers). 
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Figure 2.6. Prepartum crude protein intake (kg/d) for cows fed different amounts of 
energy during the dry period.  Average SEM = 0.09 (cows), 0.10 (heifers). 
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Figure 2.7.  Weekly mean body condition score (1-5 scale) for cows fed different 
amounts of energy during the dry period.  Average SEM = 0.04 (prepartum), 0.06 
(postpartum). 
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Figure 2.8.  Milk yield for multiparous cows and heifers fed different amounts of energy 
during the dry period.  Average SEM = 2.1 (cows), 2.5 (heifers). 
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Figure 2.9. Serum NEFA concentrations (mM/L) for cows consuming different amounts 
of energy prepartum. Average SEM = 0.05 (prepartum), 0.07 (postpartum). 
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Figure 2.10. Prepartum serum NEFA concentrations (mM/L) for cows and heifers fed 
different amounts of energy prepartum. Average SEM = 0.07 (cows), 0.08 (heifers). 
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Figure 2.11.  Serum BHBA concentrations (mM/L) in cows fed different amounts of 
energy prepartum.  Average SEM = 0.04 (prepartum), 0.10 (postpartum). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.12.  Serum glucose concentrations (mg/dL) in cows fed different amounts of 
energy prepartum.  Average SEM = 1.4 (prepartum), 1.6 (postpartum). 
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Figure 2.13.  Serum insulin concentrations (mIU/mL) in cows fed different amounts of 
energy prepartum.  Average SEM = 0.84 (postpartum). 
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Figure 2.14. Postpartum serum insulin concentrations (mIU/mL) in cows and heifers fed 
different amounts of energy prepartum.  Average SEM = 1.85 (cows), 2.24 (heifers). 
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Figure 2.15.  Serum urea nitrogen concentrations (mg/dL) in cows fed different amounts 
of energy prepartum. Average SEM = 0.70 (prepartum), 0.75 (postpartum). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.16.  Total lipid concentrations (percent of wet tissue weight) for cows fed 
different amounts of energy prepartum.  Average SEM = 1.0 (prepartum), 1.1 
(postpartum). 
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Figure 2.17.  Triacylglycerol (TAG) concentrations (percent of wet tissue weight) for 
cows fed different amounts of energy prepartum.  Average SEM = 0.53 (prepartum), 0.55 
(postpartum).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.18.  Glycogen concentrations (percent of wet tissue weight) for cows fed 
different amounts of energy prepartum.  Average SEM = 0.080 (prepartum), 0.085 
(postpartum). 
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Chapter 3 
 
 
 
Rumen Effects of Monensin in Controlled Energy High Forage Dry Cow Diets 
 
Abstract 
By increasing propionate production levels, monensin leads to an increase in glucose 
availability, improved energy status, and decreased fat infiltration in the liver with a decrease in 
health problems and smoother transition into lactation.  Controversy exists on whether monensin 
will provide equal or differential benefits in a higher-energy, lower-roughage close-up diet 
versus a higher-roughage, lower-energy diet.  Our objective was to determine the effects on the 
rumen of cows fed a controlled-energy high-fiber diet balanced to meet, but not greatly exceed 
energy requirements during the dry period or a traditional two-group approach of higher-energy 
close-up diet.  The effects of added monensin in each diet type also were determined.   
Sixteen multiparous Holstein cows were fitted surgically with rumen fistulas and 
cannulae.  The study was a randomized block design with a 2 × 2 factorial arrangement of dry 
period feeding strategy and monensin supplementation as the treatment factors.  During the first 
4 wk of the dry period all cows were fed a controlled-energy, high-fiber diet (CEHF) as a TMR 
for ad libitum intake.  During the last 3 wk before calving, half of the cows were switched to a 
higher energy close-up diet until calving (2-stage), while the other half continued to receive the 
CEHF diet.  Within each dietary group, half of the cows received monensin (M) supplementation 
in the diet at 24.2 g/metric ton of total dietary DM (CEHFM and 2-stageM) and half did not.  
After calving all cows received the same lactation diet containing monensin (15.4 g/metric ton of 
dietary DM).   
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The weight of the rumen content was not different across treatment (P = 0.29).  The 
rumen liquid dilution rate (17.6%/h) was higher (P = 0.03) for 2-stageM cows than other 
treatments.  Cows fed CEHF and 2-stage diets without monensin were intermediate (15.8%/h 
and 15%/h, respectively) and CEHFM cows had the lowest dilution rate (12%/h).  Dilution rate 
tended (P = 0.10) to decrease at calving and then increased as lactation progressed.  There was 
no significant difference among treatments for rumen particulate fractional passage rate.   
Cows on the CEHF diet had a greater proportion of acetate in ruminal VFA than did cows 
fed the 2-stage diet, while cows fed monensin on either diet were intermediate (diet × M 
interaction, P = 0.10).  Addition of M to the 2-stage diet decreased the proportion of propionate, 
whereas, it increased propionate in cows fed CEHF (diet × M interaction, P = 0.10).  Butyrate 
tended to be higher in CEHF cows than 2-stage cows regardless of M supplementation (diet, P = 
0.08).  Monensin increased total rumen VFA at parturition (M × d interaction, P < 0.01).  The 
rumen pH and papillae length were not different among treatments (P = 0.71 and P = 0.93, 
respectively).   
 Daily intake of DM (kg/d) was not affected by dietary treatments in the far-off or close-
up dry period.  Postpartum, daily DMI (kg/d) was not different across prepartum treatments; 
however, cows fed the 2-stage dietary strategy without monensin had lower DMI (% BW) than 
the other treatments.  Feeding monensin throughout the dry period increased milk production (P 
< 0.01) postpartum.  Milk fat, protein, and lactose percentages were not affected by dietary 
treatment.   
 Controlling energy intake increased proportions of acetate and decreased propionate 
compared to 2-stage fed cows in the absence of dietary monensin; monensin supplementation 
resulted in similar acetate and propionate proportion between the two diets.  Feeding high levels 
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of wheat straw did not negatively affect rumen papillae length under the dietary conditions of 
this experiment.  The DMI and milk production data demonstrate that prepartum monensin 
supplementation can improve the subsequent milk production in dairy cows when fed throughout 
the dry period to CEHF or 2-stage cows.   
 
Introduction 
Used extensively in the beef industry for 30 yr, monensin (Rumensin
®
; Elanco Animal 
Health, Greenfield, IN) was approved by the FDA for use in dairy cattle as a feed additive that 
increases efficiency of milk production and growth.  Since its approval, monensin has been used 
extensively in the US dairy industry.  As cows transition from supporting a growing fetus 
without producing milk to producing large quantities of milk, they often go into negative energy 
balance because intake of energy is not sufficient to meet energy requirements (Goff, 2006).  
Monensin administration can improve energy balance (Arieli et al., 2008).  By selectively 
altering the microbial population in the rumen to increase production of propionic acid, 
monensin decreases loss of feed energy as methane (Overton and Waldron, 2004).  Increasing 
propionate levels leads to an increase in glucose availability, improving the energy status and 
decreasing fat infiltration in the liver (Duffield et al., 1998).  Monensin has been shown to 
decrease periparturient health problems and provide smoother transitions to lactation (Duffield et 
al., 1998).   
Results from Richards et al. (2009; Chapter 2) indicated that feeding a controlled energy 
diet high in fiber throughout the dry period improved energy balance postpartum and decreased 
lipid accumulation in the liver. Moreover, little benefit was shown for using a two-stage system 
of feeding controlled energy far off and higher energy closer to calving (Richards et al., 2009) 
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compared with the single controlled energy diet throughout the dry period.  Controversy exists 
on whether monensin will provide equal or differential benefits in a higher-energy, lower-
roughage close-up diet versus a higher-roughage, lower-energy diet.   
Effects of a controlled energy high fiber diet fed throughout the dry period on rumen pH, 
VFA concentrations, liquid dilution rate, and solids passage rate have not been formally 
researched.  Likewise, potential actions of monensin or interactions of monensin with diet 
composition during the transition have not been explored with regard to effects on rumen 
fermentation and dynamics. 
This study measured rumen pH, VFA concentrations, liquid dilution rate, and particulate 
passage rate in cows fed either a controlled-energy high-fiber diet balanced to meet but not 
greatly exceed energy requirements during the dry period with a traditional two-group approach 
of higher-energy close-up diet.  The effects of added monensin in each diet type also were 
determined.   
 
Materials and Methods 
Animal Management 
Sixteen multiparous Holstein cows were fitted surgically with rumen fistulas and 
cannulae.  To the extent that cows previously fitted with cannulas under previously approved 
protocols were available, they were used rather than cannulating additional cows.  All procedures 
were conducted under protocols approved by the University of Illinois Institutional Animal Care 
and Use Committee.  Cows were blocked by days in lactation and assigned randomly to one of 
four dietary treatments.  Cows started on the experiment approximately 50 d prior to calving and 
completed the experiment 84 d after calving.   
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The study was a randomized block design with a 2 × 2 factorial arrangement of dry 
period feeding strategy and monensin supplementation as the treatment factors.  During the first 
4 wk of the dry period all cows were fed a controlled-energy, high-fiber diet (CEHF) as a TMR 
for ad libitum intake.  This diet (Table 1) contained low energy and a large amount of wheat 
straw to limit intake to energy requirements.  During the last 3 wk before calving, half of the 
cows were switched to a higher energy close-up diet (Table 1) until calving (2-stage), while the 
other half continued to receive the CEHF diet.  Within each dietary group, half of the cows 
received monensin (M) supplementation in the diet at 24.2 g/metric ton of total dietary DM 
(CEHFM and 2-stageM) and half did not.  After calving all cows received the same lactation 
diet containing monensin (15.4 g/metric ton of dietary DM).   
Throughout the dry period, cows were housed in free stalls in the photoperiod barn of the 
University of Illinois's dairy research farm.  Cows were fed individually using electronic 
admission gates with individual transponders (North American Calan, 454 Jenness Pond Rd., 
Northwood, NH 03261).  Cows were allowed to calve in box stalls bedded with straw in the 
photoperiod barn and then moved to the tie stall barns at the dairy unit.  Lactation performance 
and metabolism were measured for 84 days after calving.  Calves were weighed after birth, fed 
first milking colostrum, and transferred to the calf unit at the dairy farm.  No calf data were 
collected for this study.   
 
Measuring, Sampling and Analyses 
Measurements of rumen pH, VFA profiles, liquid dilution rate, particulate passage rate, 
and papillae size were made at target dates of d -14, 2, 14, and 28 relative to calving.  Actual 
days of sampling were -11 ± 6, 4 ± 2, 17 ± 3, and 30 ± 3.  Samples of ruminal fluid (ca. 100 mL) 
71 
 
were obtained by using a suction flask with a probe through the rumen cannula before the 
morning feeding (0 h) and at 2, 4, 6, 8, 10, and 12 h post-feeding on the days identified for 
immediate measurement of pH using a glass electrode and later measurement of VFA and Co 
concentrations.  Samples were frozen until later analyses. 
Following the 0 h sampling, 5 g of Co-EDTA and 200 g of Cr-mordanted alfalfa silage 
were dosed intraruminally (Udén et al., 1980; Woodford and Murphy, 1988).  Rumen contents 
were then mixed thoroughly by hand.  Co-EDTA was dissolved in 500 mL of water and placed 
into several locations in the rumen.  Alfalfa silage was Cr mordanted using the procedure of 
Udén et al. (1980).  Samples of ruminal digesta were taken prior to the morning feeding (0 h) and 
at 4, 8, 12, and 24 hours post-feeding.  Due to the lengthy process of making the Cr marker to 
measure rumen digesta passage rate, not all cows received the marker on each sampling day.   
Frozen samples were thawed in a water bath at 25°C and then centrifuged at 12,000 × g 
for 15 min.  An aliquot of supernatant was removed and analyzed by gas-liquid chromatography 
for VFA profile (courtesy G. Schroeder, Cargill Animal Nutrition, Elk River, MN).  Another 
aliquot of supernatant was analyzed for Co by inductively coupled plasma mass spectrometry 
(University of Missouri Experiment Station Chemical Laboratories, Columbia, MO). 
Rumen digesta samples were dried at 100°C, ground through a 2-mm screen and 
analyzed for Cr (University of Missouri Experiment Station Chemical Laboratories).  Dilution 
rate of ruminal fluid and passage rate of ruminal digesta were calculated from linear regression 
of ln[Co, mg/ml] or ln[Cr, mg/g] on time after dosing (Woodford and Murphy, 1988).   
At 24 h following feeding on d -14, 2, 14, and 28 rumen contents (digesta and fluid) were 
removed by hand through the cannula and placed in a 189 L (50 gallon) plastic garbage can, 
weighed, and returned to the rumen.  Papillae length was estimated at the same time by using a 
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ruler to measure length of a papillus on the left cranial, left caudal, right middle, and ventral 
sides of the rumen.   
Dry matter intake was determined daily throughout the experiment.  Body weights were 
obtained weekly, and BCS assigned weekly throughout the study.  Cows were milked three times 
daily after calving and milk was sampled weekly for analysis of contents of fat, protein, lactose, 
solids-not-fat (SNF), urea N, and somatic cell count (Dairy Lab Services, Dubuque, IA).  Feeds 
were sampled weekly, composited monthly, and analyzed using wet chemistry techniques at at 
commercial laboratory (Cumberland Valley Analytical Services, Hagerstown, MD). 
Weekly means of daily measurements for DMI and milk yield were calculated for 
statistical analysis.  To avoid problems with fitting covariance structure, pre- and postpartum 
intake and milk data were analyzed separately.  Data were analyzed as a 2 × 2 factorial design 
using the MIXED procedure of SAS (Hatcher and Stepanski, 1994) with the following model: 
 
yijkl = μ + Wi + Dj + WDij + Tk + WTik + DTjk + WDTijk + C(ijk)l 
 
where yijkl = an observation from the ith week relative to calving, jth diet, kth treatment and lth 
cow; μ = the grand mean; Wi = effect of the ith week; Dj = effect of the jth diet; WDij = effect of 
the week by diet interaction; Tk = effect of the kth treatment; WTik = effect of the week by 
treatment interaction; DTjk = effect of the diet by treatment interaction; WDTijk = effect of the 
week by diet by treatment interaction; and C(ijk)l = random experimental error from the lth cow 
nested within the ith week, jth diet, and kth treatment. For rumen pH and rumen papillae length 
analysis, the following model was used: 
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yhijkl = μ + Wi + Dj + WDij + Tk + WTik + DTjk + WDTijk + Hh+ WHhi + DHhj + WDHhij + THhk + 
WTHhik + DTHhjk + WDTHhijk + C(hijk)l 
 
where yhijkl = an observation from the hth hour relative to feeding (or hth location in the rumen), 
ith week relative to calving, jth diet, kth treatment and lth cow; μ = the grand mean; Hh = effect 
of the hth hour (or hth location in the rumen); Wi = effect of the ith week; Dj = effect of the jth 
diet; WDij = effect of the week by diet interaction; Tk = effect of the kth treatment; WTik = effect 
of the week by treatment interaction; DTjk = effect of the diet by treatment interaction; WDTijk = 
effect of the week by diet by treatment interaction; WHhi effect of the week by hour (or location) 
interaction; DHhj = effect of the diet by hour (or location) interaction; WDHhij = effect of the 
week by diet by hour (or location) interaction; THhk = effect of the treatment by hour (or 
location) interaction; WTHhik = effect of the week by treatment by hour interaction; DTHhjk = 
effect of the diet by treatment by hour (or location) interaction; WDTHhijk = effect of the week 
by diet by treatment by hour (or location) interaction; and C(ijk)l = random experimental error 
from the lth cow nested within the ith week, jth diet, and kth treatment.  The REPEATED 
statement was used for variables measured over time.  Degrees of freedom were estimated by 
using the Kenward-Roger option in the model statement.  Significance was declared when P < 
0.05 and tendencies or trends were declared at 0.05 < P < 0.10. 
 
Results and Discussion 
Analyzed chemical composition of the diets is reported in Table 2.  Rumen measurements 
are shown in Table 3.  The mass of the rumen content (Table 3) was not different across 
treatment being 46.1 and 49.2 for 2-stage and CEHF cows without monensin respectively, and 
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52.4 and 63.5 for 2-stageM and CEHFM cows, respectively.  When expressed as a percentage of 
BW, rumen contents were lower for CEHF cows at d 2 (Figure 1). 
 The rumen liquid dilution rate (17.6%/h) was higher (P = 0.03) for 2-stageM cows than 
other treatments (Table 1, Figure 2).  Cows fed CEHF and 2-stage diets without monensin were 
intermediate (15.8%/h and 15%/h, respectively) and CEHFM cows had the lowest dilution rate 
(12%/h).  Dilution rate tended (P = 0.10) to decrease at calving (Figure 2) and then increased as 
lactation progressed.  There was no significant difference declared among treatments for rumen 
particulate passage rate (Table 3).  Reynolds et al. (2004) measured liquid dilution rate and found 
no difference among experimental treatments but an increase in the dilution rate after calving.  
Monensin has been found to increase ruminal retention time of solids and liquids, but had little 
or no effect upon outflow of rumen fluid or dilution rate (Rogers and Davis, 1982).   
Cows on the CEHF diet had a greater proportion of acetate in ruminal VFA than did cows 
fed the 2-stage diet (Table 3, and Figure 3), while cows fed monensin on either diet were 
intermediate (diet × M interaction, P = 0.10).  Addition of M to the 2-stage diet tended to 
decrease the proportion of propionate; whereas, it tended to increase propionate in cows fed 
CEHF (Figure 4, diet × M interaction, P = 0.07).  Butyrate proportion tended to be higher (diet, 
P = 0.08) in CEHF cow than 2-stage cows regardless of M supplementation (Table 3, and Figure 
5).  Previous research has shown a shift in VFA profiles when monensin is fed.  Rumen 
fermentation was altered when monensin was administered, with decreased acetate to propionate 
ratio and decreased butyrate (Green et al., 1999).  When added to the diet at 33 grams/metric ton, 
monensin decreased acetate and increased propionate production in the rumen (Rogers and 
Davis, 1982).  In the present study it appears monensin shifted the VFA profile in the CEHF diet 
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to higher propionate production.  It appears that adding monensin to the diet prevented a 
fluctuation in acetate and propionate levels in 2-stage fed cows.   
Monensin increased total rumen VFA in cows at parturition (M × d interaction, P < 0.01) 
when added to CEHF and 2-stage diets compared to cows that were not fed monensin during the 
dry period.  The rumen pH (Table 4) was not different among treatments across all days, 
averaging 6.38 for control cows and 6.29 for cows fed monensin.  Following feeding, rumen pH 
decreased the next 12 hours (Figure 6).  By inhibiting lactate-producing bacteria, monensin 
usually decreases lactate production with pH increasing as a result (Green et al., 1999, Plaizier et 
al., 2000).  However, other studies have found no effects on rumen pH when monensin is fed 
(Rogers and Davis, 1982, Mutsvangwa et al., 2002, Fairfield et al., 2007).   
  Papillae length was not different by diet (Table 2, P = 0.71) with or without monensin 
added.  There was a diet by monensin by day interaction of papillae length (Figure 7).  Papillae 
location affected length (Figure 8) with papillae in the left cranial region being longer than 
papillae in the right middle region, while papillae in the left caudal region were intermediate and 
papillae in the ventral region were variable by treatment.  Previous research (Dirksen et al., 
1985) reported that a high forage diet during the dry period negatively affected the length of 
rumen papillae after calving.  The results of the present study indicate that when higher-quality 
forage is used and dietary starch was between 12 and 14 % DM, 30 to 40% straw inclusion does 
not negatively affect rumen papillae length after calving.   
 Results for DMI and BW prepartum and postpartum are reported in Table 5.  Dry matter 
intake (kg/d) was not affected by dietary treatments in the far-off or close-up dry period.  With or 
without monensin, the diet fed did not affect BW prepartum or postpartum when BW at the start 
of the experiment was used as a covariate.  In the far-off dry period, DMI (% BW) was also not 
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affected by treatment (Figure 9).  In the close-up dry period, when BW at the start of the 
experiment was used as a covariate, there was no difference in DMI (% BW).  Postpartum, DMI 
(kg/d) was not different across prepartum treatments.  Cows fed the 2-stage dietary strategy 
without monensin had lower DMI (% BW) than the other treatments postpartum.  Feeding 
monensin usually has not affected DMI or BW in other studies.  Top-dressing monensin 
prepartum did not affect prepartum DMI or postpartum DMI or BW (Chung et al., 2008).  When 
fed in the TMR during lactation, monensin did not change DMI or BW (Martineau et al., 2007).    
Feeding monensin throughout the dry period increased milk production (P < 0.01, Table 
5, and Figure 10) postpartum.  The CEHFM and 2-stageM cows produced 41 and 48 kg, 
respectively, while cows fed CEHF and 2-stage without monensin produced 38 and 35 kg, 
respectively.  Milk fat, protein, and lactose percentages were not affected by dietary treatment 
(Table 5).  Monensin increased FCM yield (P = 0.02) and there was a diet by M interaction (P = 
0.10) with 2-stage cows fed monensin producing more than other treatments.  When monensin is 
supplemented during established lactation, milk production usually increases while milk fat and 
protein percentages decrease (Martineau et al., 2007).  Prepartum feeding did not affect milk 
production or composition (Chung et al., 2008) in an earlier study; however, in that study 
monensin feeding started at 28 d before expected parturition, while in the present study 
monensin feeding began 50 d before expected parturition.  While emphasis should not be placed 
on milk production results in the present study because of the low number of animals, the results 
of a concurrent experiment with larger number of cows fed the same diets (Vasquez et al., 2010 
unpublished data) showed that monensin supplementation prepartum resulted in greater milk 
production regardless of diet. 
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Conclusions 
 Neither diet nor monensin supplementation had major effects on the rumen variables 
measured in this study.  Rumen passage rate, pH, content weight, and papillae length were not 
affected by dietary treatments.  When monensin is added to the diet, there were differences in 
dilution rate of cows fed a 2-stage compared to CEHF diet.  Cows on the CEHF diet had higher 
proportions of acetate and lower propionate than 2-stage fed cows in the absence of dietary 
monensin, but monensin supplementation resulted in similar acetate and propionate between the 
two diets.  Addition of monensin prevented the larger shifts in VFA profile at calving when the 
2-stage diet was fed.  In addition, total VFA concentration was higher at parturition in cows fed 
monensin throughout the dry period.  Feeding high levels of wheat straw did not negatively 
affect rumen papillae length under the dietary conditions of this experiment. 
 The DMI and milk production data from this experiment support the results of the larger 
experiment (Vasquez et al., 2010 unpublished data) in demonstrating that prepartum monensin 
supplementation can improve the subsequent milk production in dairy cows when fed throughout 
the dry period to CEHF or 2-stage cows.   
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Tables 
 
Table 3.1. Ingredient composition of diets (% of DM). 
Ingredient CEHF 2-stage close-up Lactation 
Alfalfa silage 12.00 8.20 5.000 
Corn silage 33.00 35.90 33.000 
Alfalfa hay 0.00 3.50 5.000 
Wheat straw 36.00 15.40 2.000 
Cottonseed 0.00 0.00 3.600 
Ground shelled corn 0.00 9.00 17.555 
Soybean hulls 2.00 4.00 5.000 
Soybean meal 7.94 5.50 4.600 
Soyplus
®
 0.00 2.00 5.900 
SoyChlor 16-7 0.15 1.45 0.000 
Wet brewers grains 0.00 6.00 10.000 
Blood meal 85% 1.00 1.00 1.000 
Biotin 0.00 0.35 0.350 
Calcium sulfate 0.00 0.00 0.100 
DCAD-Plus 0.00 0.00 0.400 
Elanco experimental feed 4.00 4.000 2.545 
Energy Booster 0.00 0.00 0.900 
Urea 0.45 0.30 0.150 
Limestone 1.30 1.30 1.250 
Dicalcium phosphate 0.12 0.18 0.250 
Magnesium oxide 0.21 0.20 0.100 
Sodium bicarbonate 0.00 0.00 0.750 
Magnesium sulfate 7H20 0.91 0.78 0.000 
UI Dairy min/vit
1
 0.20 0.22 0.200 
Salt (plain) 0.32 0.30 0.350 
Vitamin A 0.015 0.015 0.000 
Vitamin D 0.025 0.025 0.000 
Vitamin E premix 0.38 0.38 0.000 
1 
Composition: Mg, 5 % DM; K, 7.5% DM; S, 10 % DM; Co, 40 mg/kg; Cu, 5000 mg/kg; I, 250 
mg/kg; Fe, 20000 mg/kg; Mn, 30000 mg/kg; Se, 150 mg/kg; Zn, 30000 mg/kg; Vitamin A, 2200 
1000 IU/kg; Vitamin D, 660 1000 IU/kg; Vitamin E 22000 IU/kg  
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Table 3.2.  Analyzed composition of TMR in the experiment (mean ± SD). 
Component CEHF CEHFM 2-stage 2-stageM Lactation 
DM, % as fed 46.31 47.12 ± 2.33 46.49 ± 3.18 46.53 ± 2.67 47.26 ± 2.41 
TDN, % of DM 56.28 ± 2.13 57.07 ± 2.33 61.76 ± 2.12 61.32 ±2.80 69.88 ± 2.24 
NEL
a
, Mcal/kg of DM 1.26 ± 0.06 1.28 ± 0.06 1.40 ± 0.06 1.39 ± 0.07 1.61 ± 0.06 
NEM
a
, Mcal/kg of DM 1.18 ± 0.07 1.21 ± 0..08 1.36 ± 0.07 1.35 ± 0.10 --- 
CP, % of DM 13.04 ± 1.06 13.47 ± 0.98 16.07 ± 1.02 16.04 ± 1.53 18.55 ± 0.73 
Adjusted protein, % of 
DM 
12.22 ± 1.16 12.69 ± 1.26 14.83 ± 1.34 15.36 ± 1.86 17.65 ± 1.15 
Soluble protein, % of CP 36.45 ± 2.46 32.78 ± 2.14 29.02 ± 3.28 31.91 ± 1.23 21.02 ± 2.32 
ADF protein, % of DM 1.62 ± 0.32 1.56 ± 0.27 2.23 ± 0.44 1.86 ± 0.45 2.21 ± 0.58 
NDF protein, % of DM 2.66 ± 0.84 2.80 ± 0.61 3.65 ± 0.98 3.88 ± 0.90 4.46 ± 0.77 
RDP, % of CP 68.22 ± 1.23 66.40 ± 1.07 64.54 ±1.64 65.97 ± 0.60 60.50 ± 1.15 
NDF, % of DM 53.68 ± 3.38 52.61 ± 3.42 44.37 ± 3.39 44.72 ± 3.38 37.76 ± 2.92 
ADF, % of DM 36.68 ± 2.34 35.87 ± 2.22 28.92 ± 1.74 29.32 ±2.44 22.52 ± 1.82 
Lignin, % of DM 5.87 ± 0.62 5.50 ± 0.57 5.09 ± 0.49 5.27 ± 0.76 4.63 ± 0.70 
Lignin, % of NDF 10.91 ± 0.75 10.44 ± 0.79 11.46 ± 0.60 11.73 ± 0.96 12.21 ± 1.05 
NFC, % of DM 23.71 ± 2.14 24.28 ± 2.87 31.42 ±2.84 30.96 ± 3.09 36.17 ± 2.10 
Sugars, % of DM 1.23 ± 0.40 1.64 ± 0.44 1.74 ± 0.34 1.70 ± 0.77 1.83 ± 0.44 
Starch, % of DM 12.45 ± 1.44 13.68 ± 1.93 18.91 ± 1.79 18.72 ± 2.82 24.62 ± 1.50 
Crude fat, % of DM 1.63 ± 0.26 1.67 ± 0.22 2.38 ± 0.48 2.45 ± 0.46 4.48 ± 0.42 
Ash, % of DM 10.58 ± 1.39 10.76 ± 1.04 9.42 ± 0.73 9.68 ±1.14 7.51 ± 0.36 
Ca, % of DM 1.36 ± 0.40 1.39 ± 0.22 1.52 ± 0.24 1.55 ± 0.32 1.22 ± 0.12 
P, % of DM 0.26 ± 0.02 0.26 ± 0.02 0.34 ± 0.03 0.33 ± 0.04 0.41 ± 0.02 
Mg, % of DM 0.58 ± 0.19 0.54 ± 0.09 0.55 ± 0.07 0.55 ± 0.10 0.30 ± 0.02 
K, % of DM 1.62 ± 0.14 1.64 ± 0.16 1.50 ± 0.10 1.47 ± 0.14 1.55 ± 0.07 
S, % of DM 0.27 ± 0.04 0.29 ± 0.04 0.31 ± 0.06 0.31 ± 0.07 0.24 ± 0.01 
Na, % of DM 0.18 ± 0.03 0.19 ± 0.03 0.18 ± 0.04 0.017 ± 0.04 0.39 ± 0.03 
Cl, % of DM 0.54 ± 0.09 0.55 ± 0.09 0.61 ± 0.12 0.60 ± 0.11 0.40 ± 0.02 
Fe, mg/kg of DM 752 ± 152.3 768 ± 182.2 719 ± 115.9 945 ± 646.6 419 ± 42.6 
Mn, mg/kg of DM 123 ± 9.2 117 ± 13.8 124 ± 17.0 120 ± 19.8 101 ± 8.6 
Zn,  mg/kg of DM 130 ± 63.7 102 ± 16.7 128 ± 23.6 122 ± 27.6 115 ± 10.5 
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Table 3.2. (cont.)      
Cu, mg/kg of DM 18 ± 2.0 18 ± 2.2 20 ± 2.2 19 ± 4.2 21 ± 1.6 
b
 Calculated by NRC (2001) model. 
 
 
 
 
 
 
 
 
 
Table 3.3. Rumen content weight, fluid dilution rate, particle passage rate, and VFA profiles in cows fed controlled energy, high fiber 
(CEHF) or 2-stage diets, without or with monensin (M) 
 
 
 
 
 Treatment  
 
Avg. 
SEM 
 P-value 
 
 
Variable 
 
2-
stage 
 
 
CEHF 
 
2-
stage
M 
 
CEHF
M 
 
 
 
Diet 
 
 
M 
 
Diet 
× M 
 
 
Day 
 
Diet
× d 
 
M × d 
Diet 
×M × 
d 
Rumen content, kg 46.1
 
 49.2  52.4
 
63.5 6.4  0.29 0.13 0.55 0.10 0.70 0.52 0.68 
Rumen content, % of BW 6.6
 
 8.0  8.3
 
    8.8 1.1  0.41 0.27   0.68 0.05 0.62 0.33 0.26 
Fluid dilution rate, %/h     15.0  15.8  17.6   12.0 1.03  0.03 0.59 <0.01 0.10 0.35 0.58 0.16 
Solids passage rate, %/h 2.9  4.4  2.9     3.6 0.80  0.19 0.64   0.65 0.59 0.74 0.35 0.27 
Acetate, mol/100 mol 52.1  60.3  56.6 53.8  3.09  0.41 0.75 0.10 <0.01 0.67 0.10 0.29 
Propionate,  mol/100 mol 38.1  25.9  32.5 34.5 4.01  0.23 0.72 0.10 0.01 0.82 0.11 0.47 
Butyrate,  mol/100 mol 9.8  13.7  10.9 11.8 1.26  0.08 0.73 0.25 0.05 0.91 0.11 0.27 
Total VFA, mmol/l 130  93  121 126 11.6  0.20 0.32 0.09 0.43 0.20 <0.01 0.55 
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Table 3.4. Rumen pH and papillae length  in cows fed controlled energy, high fiber (CEHF) or 2-stage diets, without or with monensin 
(M). 
 Treatment   P-value 
Variable 
2-
stage 
 CEHF  
2-
stage
M 
CEHF
M 
Avg. 
SEM 
 Diet M 
Diet 
× M 
Day 
Diet 
× d 
M × d 
Diet × 
M × d 
Rumen pH 6.32
 
 6.43
 
 6.35
 
6.23 0.09  0.93 0.35 0.21 <0.01 0.33 0.46 0.65 
Papillae length, cm 0.40  0.44  0.48 0.41 0.04  0.71 0.56 0.22 0.30 0.13 0.54 0.02 
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1 
Starting BW used as covariate (kg, P = 0.05; %BW, P = 0.01) in statistical analysis. 
Table 3.5. Dry matter intakes and body weight pre- and postpartum, and milk yield and milk components in cows fed controlled energy, 
high fiber (CEHF) or 2-stage diets, without or with monensin (M). 
 Treatment 
Avg. 
SEM 
 P-value 
Stage and variable 
 
2-
stage 
CEHF  
2-
stage
M 
CEHF
M 
 Diet M 
dietx
M 
Week 
Diet
xwk 
MxW 
dietx
Mxwk 
Prepartum           
     DMI, kg/d, wk -4,-5,-6  9.6 8.2  6.9 9.8 1.23  0.55 0.64 0.11 0.02 0.32 0.42 0.08 
     DMI, %BW, wk -4,-5,-6 
 
1.17
 
1.19
 
 1.01
 
1.24 0.14  0.37 0.69 0.43 0.15 0.61 0.88 0.17 
   DMI
1
, kg/d, wk -3,-2,-1 
 
11.2
 
10.5
 
 10.7
 
11.0 1.08  0.87 0.98 0.71 0.43 0.56 0.64 0.32 
   DMI
1
, %BW, wk -3,-2,-1 
 
1.44
 
1.34
 
 1.46
 
1.44 0.15  0.63 0.68 0.82 0.04 0.18 0.28 0.55 
   BW
1
, kg, wk -4,-5,-6 
 
776
 
740
 
 734
 
762 12.5  0.72 0.38 0.07 0.68 0.50 0.40 0.94 
   BW
1
, kg, wk -3,-2,-1 
 
779
 
751
 
 746
 
766 12.8  0.70 0.45 0.16 0.75 0.56 0.49 <0.01 
Postpartum                
     DMI, kg/d  16.0 17.8  20.3 19.7 2.12  0.79 0.17 .59 <0.01 0.18 0.35 0.90 
     DMI, % of BW  2.60 3.24  3.43 3.01 0.28  0.71 0.30 0.08 <0.01 0.30 0.51 0.92 
     BW, kg  623 588  627 646 25.8  0.74 0.21 0.41 <0.01 0.55 0.40 0.19 
Milk yield, kg/d 
 
33.8
 
38.3
 
 47.9
 
41.7 2.4  0.71 <0.01 0.05 <0.01 0.62 0.88 0.96 
Fat-corrected milk, kg/d 
 
36.3 37.4  50.1 39.8 3.1  0.17 0.02 0.10 0.59 0.15 0.38 0.06 
Milk fat, %  3.66 3.65  3.78 3.61 0.21  0.70 0.84 0.72 <0.01 0.18 0.76 0.10 
Milk protein, %  2.74 2.81  2.81 2.88 0.16  0.69 0.68 0.97 <0.01 0.98 0.95 0.68 
Milk lactose, %  4.70 4.91  4.85 4.84 0.06  0.13 0.59 0.10 <0.01 0.37 0.82 0.31 
Milk urea nitrogen, mg/dL  12.73 13.60  13.80 12.30 0.72  0.67 0.88 0.12 <0.01 0.17 0.16 0.23 
Milk somatic cell count,  
   × 1000/ml 
 556 400  68 105 199  0.79 0.06 0.63 0.25 0.23 0.49 0.07 
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Figures (showing significant interaction effects from Tables 3.3 to 3.5) 
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Figure 3.1.  Rumen content (%BW) of cows fed different amounts of energy through the dry 
period with and without monensin. 
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Figure 3.2.  Rumen fluid dilution rate (%/hr) of cows fed different amounts of energy through 
the dry period with and without monensin. 
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Figure 3.3.  Acetate (% VFA) in rumen fluid of cows fed different amounts of energy through 
the dry period with and without monensin. 
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Figure 3.4.  Propionate (% VFA) in rumen fluid of cows fed different amounts of energy 
through the dry period with and without monensin. 
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Figure 3.5.  Butyrate (% VFA) in rumen fluid of cows fed different amounts of energy through 
the dry period with and without monensin. 
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Figure 3.6.  Day by hour interaction of rumen pH (Hour P < 0.01, d × h P = 0.02) 
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Figure 3.7.  Rumen papillae length of cows fed different amounts of energy through the dry 
period with and without monensin. 
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Figure 3.8.  Rumen papillae location effect on papillae length (Location P < 0.01, diet × 
monensin × location  P = 0.06) for cows fed different amounts of energy through the dry period 
with and without monensin. 
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Figure 3.9.  Dry matter intake (percent of body weight) for cows fed different amounts of energy 
through the dry period with and without monensin. 
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Figure 3.10.  Milk yield (kg/d) for cows fed different amounts of energy through the dry period 
with and without monensin. 
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Figure 3.11. Total VFA (mM/l) for cows fed different amounts of energy through the dry period 
with and without monensin. 
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Chapter 4 
 
 
CONCLUSIONS 
 
 Two experiments were conducted to evaluate aspects of strategies to reduce incidence of 
periparturient fatty liver in dairy cows.  Effects on performance and health were also evaluated. 
 In experiment 1 (Chapter 2), Holstein cows (primiparous and mulitparous) were used to 
determine the effects of dietary feeding strategy on indices of negative energy balance and liver 
lipid concentrations throughout the periparturient period.  For this experiment, 75 cows were fed 
a controlled-energy, high-forage (CEHF) diet, a diet providing excessive energy (OVERFED), or 
CEHF for 40 d followed by overfed for approximately 20 d (2-stage) from dry-off to parturition.  
Cows fed CEHF had lower liver lipid and triglyceride concentrations than did overfed cows; 
liver lipid concentrations were intermediate for 2-stage cows.  Similar results were obtained for 
concentrations of NEFA and BHBA in blood.  Milk yield was not different among treatments.  
The OVERFED cows produced more milk fat as a result of greater body fat mobilization.  The 
extra value of this milk fat exceeded the extra cost of the dietary intake, but the value would be 
negated by greater potential for metabolic disorders. 
 In experiment 2 (Chapter 3), 16 multiparous ruminally cannulated cows were fed a CEHF 
diet throughout the dry period or a 2-stage dietary strategy consisting of CEHF during the early 
dry period followed by a higher energy closeup diet.  Monensin was added to the diet of half of 
the cows fed each dietary strategy.  Milk production following parturition was increased when 
monensin was added to the diet.  Monensin tended to increase total VFA concentration at 
parturition and to modulate changes in rumen VFA profiles across the transition, without 
affecting ruminal pH.  Neither diet nor monensin supplementation affected rumen papillae 
length. 
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 In summary, results from these experiments indicate that controlling energy intake 
throughout the entire dry period with a high forage diet reduces lipid accumulation in the liver 
during the periparturient period without compromising milk production.  Using a 2-stage dietary 
feeding strategy confers no advantage over feeding a single controlled-energy, high-forage diet 
from dry-off to parturition.  Monensin supplementation to either dietary regimen modulates 
fermentation across the transition. 
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Appendix A. Cows removed from the experiment and reason why. 
Cow Parity Treatment 
When 
removed 
(DRTC) Replaced? 
Prepartum 
data 
included? 
Postpartum 
data 
included? Reason for removal    
7409 Multiparous 2-stage 2 no yes no Uterine torsion, died     
7498 Multiparous OVERFED 1 yes no no Aborted twins     
7733 Multiparous 2-stage 1 yes no no Calved 26 days early     
7743 Multiparous OVERFED 21 no yes yes (partial) Euthanized, she never recovered from calving  
7803 Multiparous CEHF 63+ no no no Did not adapt to Calan feeders    
7806 Multiparous CEHF 63+ no no no Did not adapt to Calan feeders    
7815 Multiparous OVERFED 2 no yes no Euthanized, heat stress    
7822 Multiparous CEHF 63+ no no no Did not adapt to Calan feeders  
7845 Multiparous CEHF --- yes no no Not pregnant     
7858 Multiparous OVERFED 22 no yes yes (partial) retained placenta, ketosis, down cow, euthanized 
7888 Multiparous 2-stage 9 yes yes no Udder laceration, poor health, dried 9 DIM 
7913 Multiparous OVERFED --- yes no no Aborted mummified calf     
8059 Primiparous OVERFED --- yes no no Not pregnant     
8063 Primiparous CEHF 1 yes no no Calved too early     
8071 Primiparous CEHF 1 yes yes no Difficult calving, broke leg, euthanized   
8081 Primiparous 2-stage --- yes no no not pregnant     
8295 Multiparous CEHF 26 yes yes yes (partial) Fever, down cow, died    
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